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INTRODUCTION

Z_ _

Serious attention to the problems of atmosphere entry developed during

the early 1950's with the advent of large-scale effort to develop long range

ballistic missiles. Among the results of this early activity was the discovery

that motion and convective heating are intrinsically coupled and that for the

range of weights and speeds of interest, blunting the body would reduce the

heating problem. It was soon discovered too how lift might best be used to

maneuver in the atmosphere; however, it became clear in the course of events

that the price of lift was added weight to heat shield the entry vehicle. These

results were shown to be valid at both subsatellite and supersatellite speeds

and, within the framework of approximate inviscid flow and boundary layer

theory plus available experimental data, they provided an orderly methodology

for understanding the atmosphere entry problem for velocities approaching Earth

escape speed. This methodology was also suitable for including consideration

of heat sink, ablation, film, or radiation cooling.

Much remained to be done, however, in improving flow field calcula-

tions and in accounting for radiative heat transfer, alone and in combination

with convective heat transfer at speeds the order of and greater than Earth

escape speed, where ionization becomes thermally significant. More recent

research has been concentrated on these and other aspects of hyperbolic
entry.

The first seven papers reprinted in this volume span the spectrum of

fundamental contributions to the understanding of atmosphere entry made during

the earlier period. The more recent advances rest, in many cases, on these

and similar works. A number of these advances along with some remaining

problems are reviewed in the eighth and last paper reprinted herein.

In order to assist the reader who wishes to go beyond the papers

compiled herein, there is also included a bibliography of publications on

atmosphere entry. Both the papers and bibliography have, however, been

limited by considerations of length to only a fraction of the many worthy

contributions made throughout the dozen or more years that atmosphere entry

has been a problem of high importance. If this book represents a proper

fraction of contributions, the credit must go in large measure to my colleague,

Nathaniel B. Cohen, whose efforts have been invaluable in compiling the
contents.

f
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t -.11 IiY OF Till,! MOTION ANI) AERODYNA31IC ]IF, ATING OF R:_.LI,ISTIC 3IIS_glLF, S ENTERING
TIlE EAR]I[ S A'I),IO,'-:,I lilt, RE AT IllGII SUPERSONIC SPEEDS _

By T[..ht,txx ,,%t.LI:X.qnd .".. J. E(;(a:u.:, Jr

SUMMARY

. | . :,,,t,/i/h ,I alml.l.,_._ i.," made .f tlt_ rdoc;ly am/,l, crlrr,tl;,,1+

t.;.;,,,:l ,if b,tlli..th" D>;,_xil(.q eDt(_liglg tl_c +_tHt,'.¢ atm,,._pl, ere al

.L .'ti, r,',,_.;C .,'pc,,/..'. ]/ ;._.1",,_+1;,!if, at. ;>_gmieral, tl_c 9rat,l,!

,.... i. _.,:l/;:l;bh c,m-+prti+ ,l l,, tl_+ a_r,,,l!f/,tmic drag .f, rcr nod,

],., .... t].,/ 1],_ tr,(l_,'l,wg ;,_"r.':_rttl;_tll?l o .,'Dwi[/]ll h'¢.'r. A om-

•_,:+ t,h," 2 r,,,.[]i<i, t,I <tml a_+r.rponrtdhtl ra+[olhm .rd+ m_;QI with

t't.'.'.+,b or< ,>..on ir / amt gr_¢ral;:_d ctt/'rc., .f,r IL_: i'or[ahnlt t,.)"

,, , b .p,¢d ,n.! ,l, cehmtl;,m w;ll_ ,llilu,lc are ,ldait_ul. ..1

,-_tri,,v.' /il,I;l+9 ;._ lh,tt /he mexim um deceleral;,n i._ independent

,.f i,,I.,j,[cal rlmrach:ri.qic._ +:f a mi.,'sile (e. 3., ma._g, ,_ize, aml

,l,,_g r,,,tiichM) and i._' <h;hrmi_ed ,my b!l e_tm.l speed amt

fl.),q,t-t,o!l, ,t ,,llc. l)r,,rid_ d lll /.<"dt.c_ h ral ;on occ_tr.; before _m pacl.

77,, r,'.rdl.,, of l/.: mnl;,m a_m/yx[._ are cmp/nyrd h, ddermine

.,,._,_ ar_i!(tble to the dcs;gt_er fin" minimizh_g _erody_mmic

l,,a¢;_,g, l'mplta_is i._ phtced upnn lt_r com'ecl;c+-l_vali_+g

pr,,bl, m it_cl!t,ll'/_g not onl!l ll_r I,dal h_al t,nv,fer but al._o t/re

>a:r;m,zm ct+'_rage a¢+,l l,,c(t! +tile.," ,,f h(at h'aw_fer per ul_il ¢treq.

It ,'; .f,,ltm[ th.qt i.f a mi._>ile i._"x,, t,=av!t as l,, be r<ta+(h'd o_l!/

,.flgt, t!!l b!t arrod!/_tamic drag, _rre._pecl[ve of the mogn itude of the

,h',t 9 fl,rc+, tl_, >+vet+ rcelb'e h+.alb_g ;._ m in im ized by m inim izi_,g

tt,- t,#>l ._I_rctr fl,rce acting ,m ll_e body. Tfds conditiun i._

arl, ie!'e,t 1,_.templo!l;t_g xh,ttpe._ with, b, lc prc._._'ure drag. On tl_e

,,tl, r haml, if a _i.vs'ile is so l;9t, t ax t, be &cehr_ded [o rda-

tL,i!l I,,u" .H_eed_', eren if acted up,m. bg l,,w d+ag f, rcc.% llten

o,,_r(('/ir_ /,eating .i._ minimized b?/ empl,qlh_g .drapes with a

L,;llt prr_'._ure drag, thereby mas'fmizi_,g the am,+utd ,,,f t, ql

d, Ih'crcd I _the atm,._phere a_(l rob+ imiz,ng the _tmou,t delivered

t,, tl,, b,,lg i>+tl_e deceleration process, ilhnit ._'hape.¢ appear

.k,tpcr;,_r I,, xlendcr .,.t_ape._ from the ._htndp, i_d ,f lmrlng lower

t,,t/m um omreeth'e t+eal-lram@r ralc_' in tl+e regi,m of lhr _ma.e.

Tt, r maximum orerage ]_,ettt-Mettv_.f+r >'ale pro' lntil area can be

r,,t,tccd bit cmpln!ling elth_;r ._le_M(-r or bhod xhape.+ ratl, v" th_n

._t,qpcs r,f int,.rmediate ,qcmtrmie.,..+. G(t_erally, the- blunt .,-t+.ape

with l_igl_, pre,_.gure drag w,,uht appear to o.[[er crm._iderablc

pr.,m i._e ,( m infm izing the I_rat h'a _+,Jet to m i._.+de _",f the sizes,

_reig/,ts, end speeds of usual i_derc._'l.

INTRODUCTION

F<}r long-range bal]isiie traje<'lorics one of the most di/ll-

cuh plnt_,e.; .f tlight the designer musl cope wilh is the re-

,,Mry into Ihe earth's almosp]wre, wherein the n<,rmlynamie

l..aling a,:s,c_ciat_,d with the high flighl speeds is in/ens,'.

The air" (cmporalure in lhe hmnMary ]ay(T lllfty l',,',tlc]t Va]llOS

in t]., len_, of llmu+,nn<ls of <h,grees ]:.hr,=,nheil _vhMb con>

SUl. r.. d, -, Nit f'.¢ Tcchni('M "N'o/(. 1017 |,y ll, .fnliim AIh.n and A. J. ]:._'t is, Jr+, t957.

bined wilh the high surfi'we shear, promoh,s very grea!
emrveelive heal lransfer h) lhe mtrface, lh.al-nhsorl.,nt

maleri'd must therefore be provided to preven_ dc-qruclion

.f ft.. essex+tied dements of the missile. It i'_ characteristic

of ]lulg-I'_lllgO rl>,rk.els thai l'lw every pnlllll[ (,f lll:l[['l'ill] "Xhich

is carried [u "hum-nut," runny pmmds uf fm,] ar,, r,,quir,,d

in the booslcr io el)rain the Jlighl rang< I( i+; ('h'ar, tl.,re-

fl,rc, Iha| tlw amc, uu[ of m-derinl .nhh,d for pr(>l,,ctinn fr,,m

exce:-;.aive aerndylmmi(, h(,alin/ must be minimized in .rd,,r

to keep the take-off weight to n praetiealdc value. The

iml)orl,qnce of redu<'ing the heal transferred Io the missile
to the lea.q[ alltoHn(, is tlltlS evident.

For mi_ih,_; designed to nbsm'b the heal wilhin the solid

surface of Ihe missile shell, a faelor whi('h may l>e hnpmianl,

in a(hlilion to the tohll atnot_n( of ],eat transferred, is the

rate at whi('h it is (rnn.%,,'red since there i_ a maximum

rat(, at wl)ich the surface material can safely conduct tim

heat within itself. An excessively high lime ratc of hcat

input nlav prnmote such large h,ml)erature (lifl'crcnc(,s as

to cause slml]ing of the surface, and thus result, in loss of

valuable heal-absorbent malerial, or even strueturaI fuilure

as a resu][ of sit'esses induced by the temperal ure gradients.

For missiles designed to ql)sorb the heal v,ith liquid

coolants (c. g., by h'anspiration cooling where the surface

he'd-transfer rate is high, or l)y circulating liquid coolants

wi[hin the shell where t]le surface hea(-tran_fer r.te is

lower), the time rate of hca! iransfer is similarly of interest

since i! [telermine_ the required liquid 1)Uml)ing talc.
These heating prol>lems, of course, have been given con-

sideral)h, study in connection with [he design of lmrli('u]ar

missile% but Ihese studies are very delailed in scope. There

has l>cen need. for n generalizcd healing analysis intcm[cd to

show in the broad sense the means availahlc for minimizing

the heating prohlems. Wagner, reference I, re'Me a step

(owqrd satisfying this nee<l 1>), developing a laudaldy simI)le

motion analysis. This amdysis was not generalized, how-

evcr, since it was his purpose [o study thc motion and heat-

ing of a par(icular missile.

It is the purpo_,e of this report to simplify and generalize

the analysis of the heating l)rol)h,m in order that 1he salient

f,,atur('s of lhis pro}_]mn 'will be made clear so |hal successful

s<)lulions of l]w pr,r>blcm wi]l su .... '_t themsdves.• t_e., ....

A malion a,mlysi% having Ihe basic character of Wagner's

npl)roach, 1)reecdes the h('aling amtlysi._. The g,'neralizcd

resqh.,.: of Ihis ana]ysis are (,f considerable inh,t'csl ill them-

selves am!, aecnrdingly, are treate<l in detail.

1
!

Reprinted from NACA Rep. 1381

pp. 1-16 (1958) By Permission
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ANALYSIS

ItlOTION OF TIlE BOI)Y

(_on.-idvr a body el mass nl l'nteri_g the at inosl)]wre h'om

:_-.,_t height. If, at any ,ltitude y, thespe,'d is l'and the
a!l:[," of approach is 0 to the horizontal (see sketch), the

I

I

I

I

I

I

I

I

X

¥

lmpocI_

pnrnmet!'ie equat ion_, of motion can be writ l.n 2

dhJ _--('I,Pl"L'I ]j_=--V-r- _ sin 0

d'x ('_,aVL't
dt _= 2m cos 0

O)

whPre

C_ drag coefficient, dimensionless

l" speed, It/see

,'l reference ar('a for drag evaluation, sq ft

m inn,s of the body, dugs

p mass density of the nit', slugs/'ft _

9 acceleration of gravity, It/see 2

x.y horizontal and vertical distance from the point of im-

pact with the earth, ft

0 I_.ngle between the flight path all(1 t|le horizontal, (leg

_ee Appendix A for complete list of symtmls.)

In general, the drag eoeflieienl varies with Math number

aIM Reylmhls numl)er, whih, (tie density and, to a very

minor extent, the n'ceeh'ration of gravity vary with altitmh'.

Ilenee it i_, dear that exact solution of these equations is

formidable. Let us first, then, consider the following

simplified case:

I. The body descends vertically.

2. The drag eoeffiei(,nt is constant?

3. The aeeeh,ration of gravity is constant.4

4. The density ns a function of altitude is given by the
relation

a--poe-#_ (2)

where po and fl are constants. This relation i_ consistent

with the asmlrnplioil of an iaothernnd attnOsl)here.

s ProI..rly ' Ihe im:dysI,_ shonhl omsMvr those tffects rvs,,lting from the fact lha, t the ,varth

b, a rol_J_lllg Sll]l(.ro , 1,ul MII(',' Ihe Mtitu,h, range for which ¢|ra7 effvefs tire Inll,(/rl_mt Is h,ss

th'stl 1 ¢,_'lCVllt of tim r:tdhls of the ca, rill, /h,, rel-lililwar IreMl/Wld given In this tinalysis Is

z A_ I:¢ w,ql known, this a_qllnl,tiarl Is g'*,ller;illy ofgonll :_+,etlraey at lh+, high It, lath ntiIl_b_prs

tlrlfl_ r r_y:,idvrati_m, at h';*q _._ tong _s_ [hi term dr_.g Is largely pres_llre drag.

' The _.cevh.ratb)n of gra; II.',, dvr.reaa,.s i',y only 1 I_.rt'enI I.r e',try lflO,f'/o_-foot lncre,_e In

all itude.

l"quatioI=s (I) then reduce to the singh, (,qu,lion

d'_y dV , CDp.A

dr' -([t=--g"c-22m e-_q;_

Noting that

we let.

Z= _ _'_

(3)

and equation (3) lweomes the lim,ar differenlial equation

dZ C_poA e_o_Z+2g=O (4)
dy 7t7

which has the well-known solution

" "/ -V'°"'-"%,+:o,,,,.:.)

Performing lhe integrations, we ohtain as the solution of

this relation

C,,,oA___ I _. _m J--2gy-l-cans't. (5)
Z'- V_=e #m n_

so that the deceleration becomes, in lerms of gravity need-

era tiOI1,

[- I"C'nooA _.v"x"
d V ..... e
-- )
dt C_,ooA _ Cj,,A

g 2,ng e-"e " L" _ "_

]29y+eonst. --1 (6)

As an example, consider the vertical deseenl of a solid

iron sphere having a diameter of 1 foot. For a sphere the

drag coefficient may 1)e taken ns unity, based on the h'ontal

area for all Maeh numbers greater than about 1.4. Ill

equation (2), which describes the wriation of density with

altitude, the cons|ants should clearly be so chosen as to

give accurate values of the density over the range of Mtitudes

for which the deceleration is h_rge. It is seen in figure 1

that for

p,,= 0.0034 slugs/It _

and

1

_=2._0,006 It-'

which yields

' (7)
o=0.0034 e 22,o0o

the calculated density is in good agreement with the NACA

slandard atmosphere v'dues ot)tai,wd from re_,renees 2 and

3 fox' the altitude range from 20,1100 to lg0,000 f,.et. Those

relations have I)een us(.d in ealculating the veloeily aml

deceleration of the sphere for various altitudes, assuming
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FmURE l.---VariMion of density with altitude.
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l:l+;vnr 2.---Variations of velocity with altitude for a 1-foot diameter,

solid iron sphere entering the earth's atmosphere vertically at

velocities of 10,000, 20,000, and 30,000 ft/sec.

v(,rll, :d ,,ill nuwt, "v(l,_,:ilic.._ or lO,O00, 20,000, am] :t0,00i) .reel

per sccond at -lO n)ibs a11ilu,](, which, l'()r thes(, cases, tony

bc considered the "outer reach" of the almoq)here, The

remdls of these otlculations are presented as the solid curves

in figures 2 )rod 3.

]! is seen in figure 3 that for lit(, high entrmlce q)et'tl_ con-

sidered, the dec(,h.raliollS reach large values COml)ar(,d to

the ac('('l,!t'alhm of gr.vily. This suggests (h'tt tile gravily

term il| equation (3) may l)e neglected without seriously

affeeling ill(, results, s When

equation of motion becomes

dV .. dV'

-W =) @

2r.UQ

=30,000

this (crm is neglected the

C+,poA c-#q "_ (8)
2 m

--- Incfudmg grov*ty

..... Neglecting grov,ty

2OO

150
-%

I

g

)oo

0 50 I00 i50 200

Altilude,y, feet xiO .3

Fl(;vn_, 3.---Variations of deceleration with altitude for a 1-foot

diameter, solid iron sphere entering the earth's atmosphere vertically

at yeloeities of 10,000, 20,000, and 30,000 ft/sec.

Integration gives

V Ct,poA
In_ =-- -_n e-_V + c°nst"

OF

V= const. X e _"

At the altitude of 40 miles it, can readily be shown that the
t ertn

CDpoA r'_¢

is very nearly unity so that the velocity may be written

CDP°A t-'BY •

V= We =" (9)

i It Is u_llal to negleel the gravlt), accderatlon a priori (see e, g, refs. I an_ 4.)
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lllld

dV

dt C,,0o,'II A."
___ --..__ - e-t_vc Bm

g. 2 hi9
(!o)

whore 1",: is the entrance speed.

By use of e,.luntions (9)and (10) the verlleal descenl Sln,Cds

nnd deeelerltlions for Ihe 1-fool-dhuneter sphere llrevimlsly

con-:hlered ]lave been cellculaled for the s,'tme cvltrance speeds.

The resulls arc shown as the dashed eurve_, in figures 2 and 3.

It is seen IbM these apprnximnle cah*ulations ,gree _ cry well

wilh those based on the more complete equation of nlglion

(eq. (3)).

'l']m nhove fimling is imporlmH, [or it indicales thai in lhe

general case, wherein lhe body enters the atmosphere at

high speed at angle 0u to the hm'izonlal, the grnvily term,

providcd 0e is not too small, may be negh.cled in eqm_tlon

(1) to yield

_!/ g,0V:.'l sin 0,: "_
dt = 2m•

anx Q,pV2A cos 0,_.
g/_---- 2 m

(11)

so that lhc flight path is essentially a straight line (i. e.,

O=Ot:), and the resultant deeeleT'alion equation becomes

dV G,,o.41 ''_
dl "=" 2m (12)

Now, again, if the density relation given l)y equation (2) is
used and it is noted that

dy

V=S_-- or die O_---_=Vsin " dy

equation (12) becomes

dV CDp,,A
V 2m sin 0. e-B_dY

which can be integrated to yield

CDp,,A ¢-_

.[:,=ire _,.¢.I.%

and the deceleration is t].en

(13)

dV
-- Cg)po.4

dt C_ooA V...:._'e__ e ¢,,,,si.,% rh
g 2rag (14)

The altitude y_ at which the maximum deeeleratio'n occurs

is found from this relation to be

1 G, poA (I ,5)
y,=_ In f/m sin 0e

If y, is positive the velocity T'_ (from eq_. (13) and (15)) at

which the maxinmm deceh'ration occurs l, ecomes

Vn=I t.e _0.61Vx (16)

and the value t,f thc maximum deceh,ration is

/,n-\
I"' / ) (17)

--,.5)-/,,..,,,--\-7/[- 2:1c

If equalions (13) and (14) are rewritten Io make Ihe

ahitu<h' reference poin! y, ralher than zero, then

"V:= "_"t.; e _" sin ee.

and

dV
-- Cl_°o A ¢-$(vm 4 _,yl

dt C_,po+ll'_.2 -_(_,4_,_> .s,,,.,n,,s_

g 2m9

respeclively, where Ay is the change in allitu<le from _.1_.

Subslitulion .f equation (15) into these expressions can

readily be shown 1o give

and

(ev/eq
g .lav__,,-_av,,(l-t-_a_) _._

\ 9 ,&

F" (_ay) (19)

Equations (1 S) and (19) are generalizect expressions for veloc-

ity and deceleration for bodies of constant, drag coefficient,

and, together with equations (t5) and (17), can be used to

determine the variation of these quantities with altitude for

specific cases. The dependence of F' (BAg) and F" ($..'Xy) on

BAy is shown in figure 4.

v :21711 \ _
a ///. 14 11'1,l.....

-3,0 -20 -I.0 0 1.0 2.0 3.0 4.0 5.0

BAy

Fzc,tr_ 4.--Variations of F'(/_Ay), F" (_Ay), and F"' (_Ay) with _Ay.

Tim maximum deceleration and the velocity for maximum

deceleration as given by equalions (17) and (16) ai)ply only

if the altitude y_, given 1)y equation (15), is positive. Other-

wise the maximmn deceleration in flight occur' at sea level

with the velocity (see eq. (13))

CD*,oA

V=Vo=V_.e _"'_ _. (20)
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MOTn)N ),,Xl'_ III:ATIXG OF T_XI,T,1iCl'IV Ml<_I1,E,q

_'..I ha,, tiw vilhlc

",II" /dl'\ " , 2 g"J

hEATING OF TIlE IIODY

It _ a,; note,1 I,reviou'dy that for twllclh,atde racket mi_,sih,s,
:t_,_it.,I that the weight.of the mi>qh' 1,,.kept to a nfininnml.
Th,' I,d.I heat Irtmsferred Ioa nli_ih, f'rom the air nm,q be
_d,-,,ll,,'d l,.vsome "coohmt" malel'ial. Sine, this material
Ira'. a Imlxinlllln nllowabh, telllperafure, it, follows tirol it

,,m a,',',,Itt only a g-icon amounl of heat per unit wet/hi.
If, n,'e, the I.hd heat inln,t Io tlle mi>sile nmst he kept at, a
ini.fi'lmni fl,r nnnimum mis_ile weighl.

()fl,,ll the co,th_nl ln.h,ri.d i_ silnfily the shell of it.' alias'h.
:,_t,I ;_ sw'h mull liter,d,' liw strl.'llmd slrength and rigitlil.v
L,l 1!;,. mi-4h' a_ well. The _,lreltglh of Ihe s!ruclure P. dic-
iah'_], il, part, I G" the slre_-_,es intlue,,d by Icnlperalure gnl,li-
, :;_. _ ill,in the .;hell. ,";ilwc lhe:e lelnper_llure ,..-radicals are
i,_,,t,,,_li.n.'ll I. tlw time r.ie of heal input, the maxinmn]
lime rale of heal ilIpul is inHmrhmt in missile design. 'File
h,.;lting, of eonr:e, varies along the surface but, since tile

-h,,ll tritn_,lllits ]lt,,'lt alollg as well as through itselt', lhe

,'-tlvlt/Ih of lilt! strlleture as fl whole may be delernfined by
flit, * nl,qXiulunl VIIIIle Of the average heal-transfer rate over

Ih,, surface. This P. simply the maximum value of the time
r.l,, of heat ilqmt per unit area. On the other hand, the
_-trm'lural strt,nglh at local petals on the surface may be de-
I,.rmined twimarily by the local rate of heat inpul. Hence,
,h,. maxinum_ tim. rate of },eat input per ulfii area at the sur-
face eh.ment where tile heat transfer is greatest may also be
of iinportanee in design.

If liquid cooling is employed, the maximum surface heat-
transfer rates retain their significance but, now, in the sense
Ihnt they dictate such requirements as maximum coolant
Camping rate, or perhaps shell porosity as well in the case of
transpiration cooling. Whichever the case, in the analysis
to fltllow, these elements of the heating problem will be
treated :

1. The total heat input.
2. The maxinmm tinle rate of average heat input per unit

aFea.

3. The maximum time rate of local heat input per unit area.
Since it is the primary function of this report to study

nleans available to the missile designer to minimize tile heat-
in_ problenl, the analysis is simplified to facilitate compari-
son of tile relative heating of one missile with respect to
anolher -accurate determination of tile absolute ],eating of
individual mis_iles is not attempU_d. With this point in
mind, the following assumptions, discussed in Appendix B,
art, made:

1. Convective Ileal, transfer predominates (i. e., radiation
effc,.ts are ncgligil)le).

2. Effects of gaseous imperfections may be neglected.

3. Shock-wave boundary-layer interaction may bc ne-
gh,'tcd.

4. Rcynohls' analogy is applicable.
,5. The Prandtl number is unity.

Total heat input.--The lime rate of conveclivc hi'u! trails-
fer from tile nit" to a ly element of surfl.'e of tilt, hotly may he
expressed 1,y the well-known relation

where

II

dll T (o-,)-di-=h,( .-- T,_), ..

heal transferred ])or mill area, ft-lb/ft -_

ft-lb
convective heat-transfi'r coeflMent, ft 2 s[,([oj{

recovery temperature, °R
temper, lure of the wall, °R
tiule, see

7",
T_
t

and lhe subscript 1denotes local conditions at any element of
the surface d&

It. is eonveniclll in part of this analysis to det,.rmine lhc
heating as a function of altitude. To this end, t,o!ing that

we see thai equatiou (22) may be writlen

dH h, ( T,-- T,.),
---- (23)

@ VsinO.

With tile assumption that tile Prandtl number is unity, the
recovery temperature is

where
3I

'1'

Mach nmnller at tile altitude y, dimensionless
the ratio of specific heat at constant pressure to that

at constant volume, C_/C_, dimensionless
T static temperature at the altitude y, °R

so that

(T,-- T=),----T-- T=, +_-21 APT

It is seen that for large values of the Maeh nmnber, wllieh is
the case of principal interest, the third term is large earn-
pared to reasonably allowable values of T--T_. It will
therefore be assumed that T-- T,, is negligible _ so that

(°_4)

Moreover, since

(T,-- T,_)_=_-_J Jtl_T

y _
]IPT ....

(v-nc,

equation (2,t) ]nay be written

(7',-- Tw) '=2C, (2,5)

t It should be n_.,led that without Ihh; acsumptlon, tilt' ll_ at_put ibqelnlhl itlon would be

_leally complicated silice ,lit. cll_itlgfiq_ wall tcmperalurc _ ith al,it lille wnuld Ii.t,'_ e 10 In. COn-

sidereal to obl;du th,r, Iwa.t Input (sre e. g., ref. l). For high-sperd mlssih's v, hit.h niailll_dll

high speed durtn_ dese(.nt, the as_ulltpll,_n l_. obviously lwrmissiMe. Even for hiFh-speed

mlssll<.s wihleh finally d,'ceb, rato tn low speeds, the _._Sllltlld,Orl l_ gvnon',ll:, still ad,.,lUa'_

$[lll'f' ,lie tohd heqt In,mr I_ largely determined by th, he.it transfer daring the high-sp,.,ed

I_ot lion or ilL, hi.

16
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Now the hwal heat-transfl'r eoeflMent hi is, by Reyllohls'

anah)gy, for the assumed l'randtl numher of unity

1 C "
hj=_ G, ,?,1, (26)

where ('Ii is the hwal skin-friction coeflMent based on con-

ditions pj, Vi, etc., just outside the bo'.mdary layer. ']'hu.%

since (7',-- T,_) is essentially constant over the entire sm'faee

S, the rate of term heat transfer with ahitude becomes from

equations (23) through (26)

-,...,..:L
where Q is the h/.nt transfei're(1 h) the whoh, surf)we S,

equation may be written

r, •Ihl_

, _dQ Cs pl S (27)
dy 4 sin 0_:

wherein Cp_ is set, equal to (-'p and

, 1 L (28)

The parameter C/ is termed "the equivah'nt f|'ietion coeffi-

cient," and will be assumed constant, + independent of alti-

tude, again on the I)renlise that relative rather than absolute

heating is of interest. With equations (2) and (13), then,

equation (27) is written

dQ C: SpoI _: e-B'e B,_.qn_ (29)
dy 4 sin 0x

Coinparison of equation (29) with eqvation (14) shows that

the altitude rate of heat transfer is directly proportional to

the deederation, so that

dQm,J .,.q (:','s)
(dVl,:C 2
\--9-/

(30)

and therefore the maximum ahitude /'ate of heat transfer

occurs at the altitude y, (see eq. (15)) and is given by

(dO) ('dQ'_ (tmt;F.'{C's'S', I
(31)

It follows, of conrse,-lilal lile altitude riHe of heat Iransfer

varie_ with iileremei,llil change in altitude from y_ hi the sarne

manner as deceleration, and thus (see eq. (19))

o')___= F" (_3Ay) (32)
)t

) Thl_ ii._surlli)tion would appear I_)or fit flrsI glance since ,lit" .%[.'l(']i IlliWii')01 and ];{eyii_llil._

nlirn,)er V,_irI_tl:,ll_ .-Ire .,io largl.. AnMysis ]l:iS in_]i_lh,I, linw_':(.r, ,hat lhe i.fft.l.,s t_f Mra!'h

_tlinh_.r and R,') i_+,l,ls nlim,,er _'_rl:_|l,)n :ire no:trly t._ml_-i_- )tltW.. TIlt, vasKtll,)n in C'./" i',)t

typical ee)nle.al mis_ll,._ y,a.s f.,un,l Io |M>, at ,n+JM, lil_)u! _3 pt.re,.nl froin ,he ,naxhi)l_in Cf in

,he altitude r.irig¢ 1,1 which gO l_.r¢_,|t (,[ ,he |toll/1_ tran-f(.trcd.

The ttitli] hi,at in[)n(h) the I,o(ly lit inllmel follows fi'oin (,qua-

lioil (29) (inlegraling over Ihe liinils lib.q_< m) luid is

__e-Dr,r;.TG) (33)1.'(yS', "+.:"(I q""_ _

The illllilit'[ vehu'ity, 1"0 (the vehwily of 1)ody ill )/=0), iS

so thitl equal/on (33) may l)e written iu the alternative form

o " (c,,.%
:=-.i t?_,/(I',:-- 1")) (34)

Maximum time rate of average heat input per unit area,--

']'o deiermhie tile lilllt, i'alt, of liVel':il.u' tl(,al li'al_.fer DOt llilit

iirea, eqtlti(ioil._ (9,")), (2(i), and (2S) with equ'l,(hin (22) nlay

lie showll [() give

!/S:;_,**_ 1(;' _V:' (35)

which, together wilh equations (2) and (13), becomes at

altitude y

dlIo,, (_ffOO'_'Y_ __3CfIO,iA ,--'II
...... e__e _,,,_i,,o_ (36)

dt 4

The maximum lime rate of average heat transfer per unit area

is found from this expression to be

(urso4 ( c,'\
(It .],.::=\ dt /,=8i \C_fl) ml;_'_ sin 0,: (37)

and it occurs tit the altitude

1 ( 30,>.oA"l (38)

where the velocity is

l'_= I:_ e-._ _0.72 V_ (39)

.As wi|h altitude rate of heat transfer, it can be shown that

(dlLddt)a_ F ......
(40)

Equations (37), (38), and (39) apply if the altitude for maxi-

mum time rat(,of average heat,transfer per unit area occurs

above sea level. If y:, by equation (38), is negative, then

this rate oecm's at sea level and is, from equation (36),

3 CD& , A

(41)

Maximum time rate of local heat input per unit area.--

The elenlental surface which is subject to the greatest, h('at

transfer per unit area is, except in nnllsllal eases, the tip of

the missile nose which first, meets the air. It g,ems unlikely

that a pointed nose will be of practical interest for high-sl)eed

missiles since not only is the local heat-transfer rate ex-

e,,edingly large in this case, trot the capacity for heat reten-

tion is sm'dI. Thus a truly pointed nose would burn away.
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M{YI'I<IN .._,Nr_ IIE_TING OF 1L'_IA.1;'qTIC MIGSII.ES

I:,,-!)-l:,qw'_ of hltec,'st fi)]'.high-speed lnissih,s wouhl more

|,_,,1.d,l_, lh,.n, Iw those whh nose slmpes having nearly

).m_.p!,,.ti,'al tip,< The folhming amtly,+is applies a! such

it l- _v,,ll km>wn Ihul for any truly 1)hint body, the bow

• Lu, k wave i_ delac]wd and thl're exisls n slagnatiCm point

_ ti,c nose, Con>ider conditions at this point nml assume
ILa_ I1.' 1,-al radius of em'vature of the body is _r (_ee sketeh).

Boa _,_kwove_,_/ "_-Gissilenose

.s'°+;d;'< 1

T!..' I,mv >hock wave is normal to the stngnntiml stt'eimflhte

.t;,l ,'.hv,,rt> the supersonic flow "du';M of lhe slmc];, to :l ]my

mzl.sonie speed flow at high static temperatm'e downstream

of th,. shack. Thus, it is suggested that eondition_ near the

:.tagnati,m point may be investigated by h'enting the nose

...e,-ti,m as if it were n segment of a sphere in n subsonic flow
IMd.

The heat-transfer rate per unit area at the slag'nation

poin! is given by tile relation

dH, NuJ:,(T,_-- T,)
-7i_ = u

where k, is the therlnal comluctivity of the gas at the re-

covery temperature (i. e., total temperature) 7",, nnd Nu, is

lhe Nusselt number of the flow. If the flow is assumed to

be laminar and incompressible, g Nu, is given, according to
refl.rence 5, by the relationship

Nu,= 0.934 Reo"+l>:

We retain the assumption thaL the Prandtl number is unity,

tmte that R_,=,olzo/ta,, and substitute equation (25) inlo

equation (42) to obtain

dH, 0 47 /pVu, V=
--dT= . X l--G - (43)

Now it is well known that at the high temperatures of

inl,rest here, the coefficient of viscosity _, varies nearly ns

the square root of the abscdute temperature and is given by
the relation

U,=2.31 X 10-ST) _

It" this expression is combined with equation (25) (neglect-

ing T,,), equation (43) may then be xwitten o

@=0+×,0 <.>
! Tlw _.'-_um Dtlora of constant dellsity eertalDly may hlvMidate fills allal3Mg for ally qllalltl-

lall',e SIU'|!, of the rr.latively "ohM-wall" flu',r_ of inh,rvst here+ For th0 purl_se of stud2, Jng

r+T,+u_, h+at transb.r it should, however, T,rwve a/h,quale,

w Tt_- o-_rtd:.nt Itl eqtl:dlort (.14) Is obtainvd "a lth the lk%llIrlptlon ,'d' Ino'_mDressible flc_w In

II_ _ttaTl_afl-lrl reglort. "Clio i,f_'vcts of o_inl_r/.ssildlily alltl db, soelalloll of Ill(, lllal+,ctJl+,s of

tlr In IL,. r+ t'l',I1 l+ tM IO ]llerl _._l, tlle '¢alile of Ih¢ ¢olicd;trlt by i1._ 11111(.h ag it hwtar 2 It'+ Ill/.

+:+<,! rar_a_ of itger_st In fills rvDort. For the eoml,ar+llve pllr_*K_$_ Or t|ll$ relmrl It Is 1111-

i..,., k-a} t,_ ta_k,, tl++ _' el'_+'Cl5 hire _¢_IHII.

t _a'l -'27-- 59--...

whM,, when combined with equations (2) and (13), becom<,s

Bit 3 ('t+,% A e_,%

dH, " S" "0 -+ /-o-o _ --i -_-.i+,..e_ (45)

q'he maximum value of dll+/dt can readily be shown re, l,e

{,111;', tedll,'x ........ + flf_ sin O=
.......... o.o.,_ tu / -.77/.., -- - (16)\ dt ) ..... \ ,:i 3,Gs.. t': •

which occurs at the altitude

l ( 3C_po:'l ._"
V_=_ In L_r_ sin 0+4

(47)

corresponding to the velocity

1
7 _ -ifi1 a=l Ee _0.85Vx (-18)

The manner in which the heat-lransfer rate pet" unit "u'ea at

the stagnalimt point varies with ineremenlal ehnnge in alti-

tude from Ya can be shown to be

(dH,/dt)a_ e-q- _j(t-,-#a,,) F'"
(d-H-,"dT_ = e = (flag) (49)

The dependence of F"' ({Jay) on flay is shown in figure 4.

Equation (t6) applies only if Ya is above sea level. If Ys,

from eqnation (47), is negatiw,, then the maximuna heat-

transfer ]'ale per unit area tat the stagnatlon point occurs at
sea level 'rod is

30DpoA

(dll.& {dH+\ 6 8" 10 _ [_ V _ -_;,;G-++" - V7 (50)

DISCUSSION

MOTION

The motion study shows some important features about

the high-speed descent of missiles through the atmosp]mre.

The majar assumptions of this amdysis were that the drag

coefficient was constant and the densily varied expone,_tia]ly
with altitude. It was found that the deceleration due to

drag was generally large compared to the aeeeleration of

gravity and, consequently, thqt the acceleration of gravity

could be negh, etcd in the differential equntion._ of motion.

The flight path was then seen to be a straight line, the missile

maintaining the flight-path angle it. had at entw to the
atmosphere.

For most missiles, the maximum deceleration will oecllr

at altitude. One of the most interesting features of the

flight of st,oh n missile is that the maximmn dcceh','ation is

independent of physical characteristics (such as mass, size,

and drag eoeflh'ient of the missile), being dependent only on

the entry speed and flighl-path nngle (see eq. (17)). The

missile speed a_ maximum deceleratim_,(eq. (16)) bears a

fixed relation to the enh'anee speed (61 percent of entranee

speed), while the corresponding altitude (eq. (15)) depends

on the ph.vsieal characteristics and tilt, flight-path angle buL

not on the entrance speed. It is also notable that for a

given increme dal change in altitude from Ill(, ahitude for

!
1B
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m;_",lil,'XU" d,,cch,rati(m, th,' dvc.h,n'alioN and _l)VCd he:u*
li_,.<i r,lti,_+. 1o the n)ltXilllllln do('e](,i'ltliol/ and the etlll'v

q,,'ed, r,.>pe(:tively (see fig.-I arm ellS. (19) acid (IS)) }leuce,

lfx ,h,rch.raliou llml _pecd ,,ariltlio. with iI[lillldC i'illl l'e,_ldily

1.,. ,h.tvrmiued.

If 11.' mi_.sih, i_ very lu,nvy, the calculated ahitude for

w.,Iximurn dccch'ralion (eq. (151) mrly |,e fi,'tiliou_ (i. e.,

lhi._ .hitml,' is. negali'+c) su the nl,qxintuin dc,'.h.rntion in

+li,:l;l, whi,'h <w<'urs ju>;t l,cf<+]'o impncl Ill sea h,vcl, i_, less

If+sill lh:it c+lh'uhlted hy equntiou (17) nn<l is dt, llt, ndctlt on

lh,' body' <'hara<'h,ristic+ ns wc]l its lilt' cutry Sl)et,d all<| fli_llt-

pltlh aligh' (sOt' oq. (_'21)). tliiwevcl', the Vttl'iiilitlti of Sliced

a+ld decehq'allon wilh altilu<le froni the fivtilhitl_, Mtilude

gb,cn hy e<-iuillioli (1;3) cnn still be, ollliiined front filZui'o .J.

IlEATING

Total heat input. In tin' helllhl 7 alllt]y_is, il nuntllcr t)f

>i!ul>lifviilg a_slillil)liorls wore rilfl<ie wllh,h _li_)iiid liulil its

lllqdiclil>ilhv Ici the dclt,i'nlinnlioii of rcilitive vllhi0..+, of ill,ill-

ill 7 ill hvl)orsonie spl,eds, li is iii lhis rcltitivo SOllSv ihl/l lhe

£.!l,v, vir;_ ili,_euq._i_m ])l,riaills.

Ill c,>il.-_dcvhlg lhe hltlil hclll trnnsft,i'relt t_y colivccliou

lu a mi_,_ilc, it i_ evideut fl'orii eqtlalion (3,'{) lhat lhe course

the <h,siglier shouhl take to obtain the ]easl heathlg is

alTecll'd by the x'iillle of lhe ftlClOl"

_Q,_-:I_= s_ (5_)
lTm. sin Or.

T(i illuslrllll,, fh'sl con._ider the ease of n '<relativelv

]li'aV.v" ini_sile f.<lr which this factor is .mlnal[ conlpfti'ed 1(_

uilily (the lerm '<l'eliltivel'+" heil,+-3 -'j i_, used to dcI/ote thlil

the denomiilrllor involvhig the mft_s i._ vorv hirge as compared

1o the nnrllei'lilor involving the (h'a 7 pel" llll[f_ dynamic

pre+q_ill'O, CD:I). Tiioii

CDpv+4

1--_ 8 m ._hi 0..;

iS sinill] (,Ollll)ai'ed to ]. If' tills funl'lioli is expanded in+

series an<l oul S the ]eadiilg fern] retained, eqliation (3,3)
becomes

# " 2

Q_ C<'*%oJ_
-- 40 sill Or. (.52)

For the relatively heavy missile, theii, ill(' ]elist heat will be

li'nlisfcrre(I wiien ¢s'S i._ a lllinimuin -lhaL is to shy, ,,'+'lien

Ihe Cola[ shear force flVlill 7 eli the bo([ 3- is a nliniiliuni.

This i'e_uli is n._ would be e.xpecled, if one llOl(,_ thai requir-

iiig ]J_(l is talilalnouilt Io ]'oqlliring tile missile to be so

hea'+'y Chill it i_ relarded oil] S sliglitly hy aerodyilamic ilrag

ill it.,+ molioli lhroligh lilt" lilrllOsllhel.e, lh,nee, lilt', heat,

iullUl Io lhe nli_ilc is shnl>]'c proporlioii,i] to the shear force.

Now lel IIS consider tile case when ]7_.1, or, in olher

_;,'urds, whcil tili_ lni_sih, is "rehilivel.v ]iglil." ln Ihis evelil,

Ctj_,,A

1__¢ am sla #_:,,__]

aiid eqlialion (,31) ('till be. approxirllatcd

I

I ('t)MTITITT1;E I"|)R .-\EI{()N.X.("I'ICS

For the rehlliw,I S Iighl inissilc, ihen, tilt, h,llst coltvective

healing is olllllilied w]ielt es'X/('o+l is li nliniinunl. -Thi_ i_

nl first, gllu_co i_ rlillier surF, i'i_in _ result, for ii. hidicalvs

Ihal llu, healing is reduced Ii 3- hici'elising Ihe loiti] drag,

pro'+idcd the cquivlllOlil frh'tiltlial dl'll7 is lice, ilicroase+|

propllrtionl_tel 3" ii_, f.llst. ]>hssicllll3+, this nuoma[ 3" is

i'c,_olved if lilt' l)l'otllcni is viewe<l iii the ft,lhlwiu7 way:

The, nlissih, viilei-in 7 the alinosphero lias the l-_iuctic otlergy

it,,_ 1"++2]nil, if

CI)o<, . l
," +" 2

e -\1"_]

i-_ stmill, then nerlrly e/ll it_ etltrance l-:inelic t',llei't.,-y i_ lost,

due {o lhe iiclion of liorodylilllili(' fOl'oes, fllid nitisl rlppefii"

l/_ heal[l]7 of both lhc iilnil)_l)here lind tilt', nlis_ilo. "l'hc

l'rilcilon of tlic tulul lit,lit which i,_ given lit) lho missile i_, ll'

frolu oqulltion (:l:t),

Thus, liy keeping this ratio a miliimunL as much ,'is po_sibh,

of the fq_+ergy i._ given Io tile aln+losphel'e and ihe missih,
heating is therefore least.

Ill ordol" to ilhist viii e ihese consideral ious in gi'elil er dee all,

clllculalions have been made using the previously developed

equlll.iolls to delel'lilino the heat tralisf'eri'od l) 3" convof'lioli

to a series of conical nlissiles. Two classes of nlissiles ]lave

been cousidered. Missiles in tile first ela_ were required

to }lave a btl_e ill'Off of I1") sqtu_re feet. .Xri_sile,_ in the

secoll(I ('lass '+yore required to have a voltiiYio of 16 cubic

feet. Gross weights of O, 1,000, 5,000, 10,000, and

pouuds ]tax'(, ])een ns_umet't, and the entrance angle, Or,,

]ins bee, taken as 30 ° of are in all cases. Missile hetiting,

up to the time of impact, has been calculated as _/ function

ot" coue angle for entrance speeds (,f 10,000, 20,000, and :_(}.000

feet per second. Ill these ealcu]ntions the pressure drng

eoefl]('ienl was taken as conslanl for'n pnrlieuhir cone at the

vnhio correspollding 1o lhe enlrance +X,[aeh ltun]l)er (,'1 v_hie

of _:--500 ° R "+vim assulned lhroug]iout). These c o e fififififififififif'fi-

<dents wore deternliuod from reference 6 for cone angles of

l0 <' mid greater. For cone angles ]ess thati l0 °, reference 7

'+_'as employc(l to determine these coefficienls (base drag

was negh, eted in atI (roses). The lolal drag coefFt('[eiit ",'+'as

tllk['ll as the sunl of the pre.msure drag coefficient i)his the

sl.:hl-fvi<qion coeflieient, the ]alier eooftieient being lakt, li tit

its value f.or nlaxinluFll lolal heal-input rale with nhitude.

The l>oundary la.,,er ,,t,-lls "qsstilned Io be wholly ttii'l)lilei+.l

silloO tilt, Reynohls llliin|_er, |),q_o(| Oil lenglh of. rein t+l]clrig

I,|10. Sial'face of it Colie alil| loeil] conditions just oulsidc, the

boundar.y layer, was a]wa3-_ _l'eillcr lhan a}JouL 0_ 10 _ and,

in facl, was of the order i.d" l>]llions for the n+lorc slender rories.

Titrbiih.'lit-tJClilndqr3"-lilyer dftl,q wel'e olltailit,d f.i'<)lil r0ft,i'-

eiioes _ nnd 9, and _illherhlnd's law for lhe "+,'nriation of

viscosli.v with teiilpol+atlll.e was used in t'llJt,ll'_liillg, "cquiv-

a]elil fliil-llhlle" tieltf0-1ran_f(,r eoelqieicnts.

I0 ]%+Ote lh:ll PVeli lhat If a]] drag ts fr[e:lon:il dr,lg, oct V h,df thl'_ heal i_ tiansferred to

the |mdy. Tb,. other h:llf is e_llt:lille,l In th_ b,_uil_l Ily Llyen" and i_ k,f_ iu lh_ :ill hi the

b,-,d y V,'ake.
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(c) Co"e ong_e, degrees

(a) l'e=-lO,O00 ft/_ee

(h) I'_=20,000 fl/,,ee

(e) l't. - 30,000 fl/_ee

]_'_;cn}: 5.--(?onveetive hpa[ lrahsferred at imlm(.l to eonieal missiles

of _anle area el|l,r,rillg the earlh's atlnosphl,r(, at an anKh' -f 30 ° lu

the horizohia] and velocities ,ff I0,000, 20,000, a.d 30,000 ft/.-pe

(ha_r area =- I0 sq ft).

Mts,sde we;gt, t - _ [Us

.... Missile denser fhon sleel ....-'°''-"

."" _0,000
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.'" I 0,000

/.- 5 000 --_.

60 M,ssde _r,e_,t : ._ :LS

5O
t

.'" IO 000

.- .- - 5,00u _.

0 20 40 60 80 iO0

{c) Cone ongle, degrees

(a) I_= 10,000 ft/see
(b) 1"_=20,000 fl/sec

(e) l'e=30,O00 ft/sec

F_(;urr: 6.- -Convective heat transferred at impact to conical missih.s of

same volume entering the earth's alnlO_l)here at an angle of 30 ° to

the horizontal and velocities of I0,000, 20,000, and 30,000 ft/see
(volume= 16.34 cuft).

Missile heating calculated in (his manne,' for the fixed-base-
area and fixed-volume cones is presented in figures 5 and 6,
respectively. Ourves for missih's having (hmsities greater
than steel are considered improbable and arc shown as
dashed lira's. It is eh, ar that for bolh ehtsses of hodies, when
the missile is relatively heavy, the ol,t,limum soh,tion is
oblained by making F'/S as small as possibl,, (small cone
angle ease/ and this optimun_ is accentualed wilh increase in

speed. On the other hand, when the missile i._ relatively
light, reduced heating is obtained by malting r/,9/()).l as
small as possible (ihe large cone angle ca_e). It is noted

2O
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*_ .Is. that,in general, the advnntnge of reduced heating af the

_:- r,dalively light, 14unt cone._ is more prnnmnn',.d in the fixed-

.i--_ I,,,st.-area ('as(. th,m in the fixed-v,,lume ease.
Naximum time rate of average heat input per unit area.--

_ It was pre.vinusly noted thai the maxinmn_ lime HII,p oil"

- ' average heal inllUt per unit area may bc of serious hnl)ortanee

_ in dt,terminil_g lit(' sirra'tin'hi inl['grily of mis_ih,s entering

l

]

I

!

Ihe atmosphert' nt high Sl)ucdsY lu order to illustrate this

fro't, eonsidt'r the ease of a missile having a shvll nan(h' of

s.lld material an(t assume that the rate of hi'at transfi,r per

unit area does not vary rapidly fl'om one surface (,lemon( to
the next, Then the rate of ir.nsfer of heat along the shell

will l>e small compared with the rate ot transft,r through the

shell. The shell stress tlue to heat transfer is that resulting

from the ttmdeney toward differential expansiml !hrough the

shell and it is proporlional In dT.hto where 7'. is the tempera-

lure at an 3" point n within the sht,ll and n is measur(.d per-

pendimdar from the shell surface. We d(,fine /', as the

thermal eon,lu,'iivity of the shell mah,lial; then the rate tit

which ht'at transfers through the shell per unit area is I'.(dT.J

did and this must, ,t ",7=11, vqual the rate of hi, at input ln.r

unit, surfhce area. For tht' missile consittered "is a whale,

the maxinmm value of the average thermaI stress in the shell

is a measure of the over-all strt,etural integrity and the
maximum value of this stress will occur nt the st,rface when

dtIo. I ('dQ'_
dt =S \dr }

is a maximum.

The course the designer shoul,I tuke to minimize the ther-

mal stress for tl.. missile ns n whole is depondenl, lls fl,v Iht,

ease of total heat input, upon whether Ihe missile is relatively

heavy or light. For the relativt.ly heavy missih, the value

of B, given by equation (51), is small compared to unity.

The maxinmm value lip the liVeil,ge thermal stress ill this

case is proporlimial to (see eq. (ll))

(,tsso>_ o,'0ov#
dt /o= 7 (54)

and, hence, the least average Ilwrn)al stress is ol)htinetl by

making C/ a minimum. On the oth,,r hand, for the rela-

lively light missile the maxinmnl va],le of the average

thermal stress is prnportion,ll to (see eq. (37))

(,tssoq =( 9'_ "__,_,v,:_sii,o.
dt 92 \F,>A) 6e - (55)

and, hence, the h,asi averl_ge lheHna] stress occurs 3,V],('n

Cs'I(-'D,'I is a nfininmna.

In order to ilhislrale these considerali(qis ill greater detail,

lhe nlaximuin values of the liino i'ill(' of iiverage heal input per
unit ill'Ca have been eal<'ulah,d for the eonstallt-bllso-areft find

the consllint-vohinlo eont,s previm_sly ,liseu_s(,d in tlw section

on total heal il,litil. Th(.se vahics were (h't('Hllined in nlueli

the salne nlnnnor I,S those of tolli[ hi,lit inl)lll , with the oxeol)-

lion lhnl ('/was evllhiliii,d al !/., (rlilhi,r than Yi), given t)y

('qualioli (38) wheli ii applies, and otl.,rwise ,il y0:0. The

results arc shown in fig,lrt's 7 anti 8. It is SPell lit(it the

II This IS tile £6minqrl etl_p %ltli(,ll I]le _hi>n irlatl,rt_il iif,,y: liql s,rudulaI lllI)II¢lrl allel inu_,t

als_l lranspotl or aht_l b tile h..at.
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{e) Cone angle, degrees
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(b) Vt=20,O00 fl/see
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FIGURI.: 7.---Maxinmn_ average rate of convective he'll lransfer it)
conical missiles of the same bast, area entering the earth's atmosph,.re
at an nngle of 30:' 1o the horizontal and velocities of 10,000, 20,000,

and 30,000 ft{see (base area= 10 sq ft).

maximum vah,es of average lhermal stress are reduced for

both the slender cones and blunt cones as compared to the

r,.lativ,,ly large vahies of this stress experienced by cones
of intt'rnwtliale sh,nderness.

Maximum time rate of local heat input per unit area.--

lq,rhaps even more important thai( the maxinmna value of

the average shell slress is the lnflxinlllni stress thai oePtlrs

in the shell ill tile surface element nf the misr.ilt, nose, l-_

wliere the local heat-transfer rate is l)rolml_lyldh,, greatest,
for, in general, this latter stress is many times hirger. In

fact, this rate of loeal heal input can be so large as to promote

II In lhJg retl¢,rl we are Porte'(i/lied O,liy wJI,1 bodies. I[ %Vll,_i fit slahtlitor_ are Usr.(I. t,ir,r

leading edges are .gtmtl:itly surfiwe vlr.nlelllS wtlt(ll experience ,nt,.p.se hel:t lrilllSfOlr.

"_ 21 .
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MOTION AND IIEATING OF 1LkLL[STIC MISSILES
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12[ /It,_issile weight:CO [bs

/ / //-- _%

81 l/

|

]._. )-__22o)_ .m ......
u [o)

I ,Vliss;lewelght:coIbs
I

gO I
I

I

iIif -- "\

c... _1 _,\\

",40,000
<.r f \ ,,..,.

/_ "-..<,ooo'-....

0 L___L____LI__J____I_ l I 1 __
(b)

.300 F I Missile weight: coIbs

I I

2O0 II
¢ \x
{ "4o,ooo,,y\ -..

/ "--..aooo'--..

o 20 4 0 60 80 I oo
(C) Cone angle, degrees

(a) Ire: lO,O00 ft,'sec
(b) I_=20,000 ft/sec
(el "V_.--30,000 ft/see

F,,;vnr 8.---Maximum average rate of convective heat transfer to
conical missiles of the same volume entering the earth's atmosphere
al an an_le of 30 ° to the horizontal and velocities of 10,000, 20,000,
and 31),000 ft/sec (volume= 16.34 cuft).

t,'ml),'rait,re gradients through the shell tlmt are intolerable

ev,,n with the most highly conductive materials (copper,

siher, '/c.) _a Thus some additional means of cooling, such

at transpiration cooling, may, in an)" case, he required in

thi_ r,.gion.

It was sl|thq] previously that pointed-nose bodies are un-

d,.sirahl,, duo, in part, to the faet that the local heat-transfer

ral,. per unit area at the tip is excessive. The validity of this

slah,t,le]tt is denmnsn'ated by the results of the analysis.

If i, ,'],',r (see eq. (4.t)) that since the loeal transfer rate varies

invvrsoly with the square root of the tip radius, not only

sl,,,,d,I pr, inted bodies be avoided, but the rounded nose

u _e tdet(,ne¢ ] tot furtb,:r discussion.

shouhl lmvo as large a radius as possible. '['he quo.qion

then arises; if the nose radius is arl)il,'arily fixed, what ,',mrse

is avail:fl)h" to the ]nissih, designer In ,nit|imize (1,, prohh,::l ()f

h.'al h('ating at the _.tagnali()n point? ];rein |)(ilh ('q.:ttion_.

(46) and (St)), it is seen t]ml for an m'hitrary n.se r, diu,;, if

(h.' nm.% entry Sl)C(,d , and flight-path angle nr(, li\,.d, l],('u

the only way to r('(]m'e t]u' slagnallon rat(, of }.,a( inlml
p(,r utdt area is to increase the p)'od.cl ('j.l. In flu.l, a

rclaliv(, slagmdi(m-point heal-iransfcr rate per unit area, ._
may he expressed in h,rms of B (see eq. (51)), if it is defi1,('d

as the ratio of th(, maximum stagnation-point h(,at-(ransf,,r

]'ate per unit area for a given missile to tlw maximmn rate

the same missile would experience if it were inthfitcly ]wavy.

For the infinitely h(,avy missih,, the maximum rat(' oecurg

at sea lev('l and is (see eq. (50))

6.S>(10-_ . I'_3

so thai from eqm_tion (50)

3CDp,,A

,h--e _'_" °_:=e- :" (56)

if the given missile also attains its maximum rate at sea level

(i. e., y3=0; cq. (47)); whereas

(57)

if the given missile attains its maximum rate above sea level

(eq. 06), Y_ positive). The variation of _ with 1/B is shown

in figure 9. Clearly, the high pressure drag shape has the
advantage over the slender shape in this respect.

In order to illustrate these considerations in greater detail,

again consider the eonstant-tmse-area and constant-volume

cones discussed earlier. Assume the pointed tips of all the

I

) I

o 5 6
!

|
Ft(_vm: 9.--Variation of relative heat-transfer factor q, with "t1"

tm

1 !
9 12 I5
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o,n.'s are r,,ph.'_'d 1,v sphe,'icni tips of th.' same ra¢liu_ c,.

Th,' r,,lative effect of v,rying the cone nngh, on lhe stagnn-

ll,,ll_l,oinl heating can than be agsessed hv d.,h,,-nfining the

,_,tlia!ioli o[ tl|e pl'odllcl

TI;N product ]|as linen calculated for lhe vnrim,s eonr,._, ns-

_'tllllilll_, ('l, tO be Ullafl'eell'd l!y the add!lion of the henii-

_llhlq-ica[ lip (Ihe tip rlldhis nnly lie arhilriu'ily snlall), and
ihc resiill_ Ilrc silown in figures 10 and I1, li is seell li.g;lili

Illiit the missiles having ]ltrge cone angle (high drag eo-
vlth'ii'nt) are considerably superior.
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(c) Cor,e or, q:e, de,']_ees

(a) I;E-- 10,000 ft/sec

(b) 1q.=20,000 ft!see

re) I"_= 30,000 It/see

];IGURI'; ]0.---._Iaximlnll rat, >of e,.mve('tive heat transS:r Io the slaT, ila-

lion point of spherically tipl.'d eon['_ of the ,=anm base arr,a ent,,ring

the earth's atliiOsl}h(.re at lt.ll allgle ,_[ 30 ° tO the hor[zolita[ and

velocities of 10,000, 20,000, and ,30,000 R/see (base area-: 10 sq f[).
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.... MisoHo denser Ilion ',fuel

Missile weight, Ibs

..,OD
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\ \ ".. .."..". I 000

(o)

Missile weight, Ibs

_od
• .-.-"._ .....

- . Io,ooo
/ , 5,000

,/" /", I,O00

(b)

Missile weight, Ibs

\ \",,, /,<ooo
\ \,, //,,ooo

40 % \ _' "'" "'" /" .0
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(c) Cone ongle, degrees

(a) V_-= 10,000 ft/st;c

(b) 1"_:_20,000 ft/see

(e) VE= 30,000 It/see

Fie, urn; 1 l.--Maximum rate of convective heat transfer to the stagna-

tion point of spherically tipped cones of the same volume e!dering
the earth's atmosphere at an angle or 30 ° to the horizontal and

velocities of 10,000, 20,000, and 30,000 ft/see (volume--16.,34 eu ft).

DESIGN CONSIDERATIONS AND CONCLUDING REMARKS

]11 the foregoing analysis and discussion, two aspects of the
heating problem for missiles entering the atmosphere were
treated. The first concerned lhe total heat absorbed 1)y the

missile and was related to the eoohmt required to prevent
its disiiitegi'litioii. It was found that if a missile were
relatively lig]ll, the least required weight of eoollllit (and
hence of missile) i._ obtained with a sh'ipe having it high
press!ire (lriig coefficient, that is to say, a blunt shape. On
the olher hand, it _vtls found tlmt if the mi._sile were relatively
heavy lhe least required weight of eoolanl, and hence of
missile, is obtained wilh a shape having a low skin-friction
drag coc,_cienl, lhal is to say, it long slender shape.

The second aspect of the ]leathlg llroblel# Irealed wits

¢oneerlled with lhe rafo of heat hlptll, parlleuhu'ly with

regard to lhernull shell stresses resulthig Iherefrom. ]-t was

seeli l]ml the luaxirnunl rtl-erage heal-input ride and, heliee_

lnaximum llverllgo thernliil stress eouid be decreased b..%"

7-; .
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u--iu; cith,,r a Idulll or a sh.nd,,r mis.dh,, whih" missiles of

inlel'nledhl{e sh.nder||ess were definitely to be avohh,d in

tl,is cermet,lion. The region of hi;..:hest h.'al hcat-transfer

rate rot<l, 1.+nee, probably greatc<l thor,hal stress was

reasoned to be located at lhe forw_u',l lip of the ntissih, in

llln+:,| C+Ises. rrJl+s m'ilS assllnled to ])(, |hi, ease alllJ it v..-as

f<,uud th:tt the n+:q.qdtu(le <)f tiff+ slr,.ss was redtl('e<] ]_V

,.'nl)l<,vinga shal,e h+tcing the l:_rgestl)ermi>sihh,tip radius

and over-all drag (.<u,f]ivh,td ; thltt is to say, the l)]unl, high

drag slmpe always hi}pears to have the |Idvani_Ige in this

re,pert.

These restdls provhle us whh ratht,r crude, htg useful,

bases for (h,terminhlg s||apes of nli:sih,s enterh]g the atmos-

phere which have nfinhuized heat-transfer pr, dflems. If

tilt, over-all (h'sign eonshleration_ of payload, "hoostet-, et al,

dh'tnte that the re-ent,'y missile lu' ]'elntlvely hear3 + in the

sen._e of this report, theTl it may b,, mo.q d,.-;i]'n|)h, Io lllake

thi-; in+..sih, lung and :-lell(h,r, espe<'i:dl'+ if the e|ttt.v speed is

w'r3 + high (say 20,000 ft;'sec or greater). ]'rrlhqps thc .,-]ellder

conical shape is appropri:tt<+ for such q mis.qh,. ]l seems

cle:Lt +, Ioo, that t}le tip of this missile shc, uhl be given the
largesL prnct]calde nose radius in order to minimize the
l,naxintum local beg.t-transfer rate and hence nlgxinll, Hll local

shell stress problem. Even then it m'ty be neees_ary to

employ additional means to minimize the hcat-transfer rate

and, hence, thermal stress encountered in this region (e. g.,

I,y transpiration cooling).

Let us now consider the case where the over-tall design

conditions dictate that the re-entry missile be relatively

light in the sense of this report. This ease will t)e the more

usual one and, thcrefore, will tie tI'enle(l at greater h, ngtil.

A shape which should warrant attention for sueh missile

applleation is the sphere, for it has the following advantages:

I. lit is a high drag shape and the frictional drag is only

a few percent of the total drag.

2. It has the maxinmn_ vohume for a given surfaee area.

3. The continuously curved surface is inherently stiff'

and st tong.

4. The large stagnation-point radius significantly assists

in reducing the maximum thermal stress in the
shell.

5. Aerody/lamie forces orb not sensitive to at(it(Me an<l,

hence, a Sl>here may need no stabilizing su,'faees.

6. Because of this insensitivity to atlitude, n Sl)here

may putrposel.v be rotated shmly, and l)erhaps even

ran(lomly _ during flight+, in order to sul)je('t all

surface elemenls to al)out the same ammmt of

heating and therel)y approach nniform shell

]mating.

II -t_'OilI th;It If r.iation Is permlll,.d, _low, r, lll+l_m motion may be rf, qlllred In order to

1-+rove.lit 3,Iagn+l_ f _rec,: from causing devlati,}n of the flight path from tlw l_rg,,t, l,t shru]]_|

Ida'> t_ tv_ied _,'_i at Sllb_,_nie _rl_l low _:I1Der_ln_e _l)+'vd'¢ gun-fir+,(I Sl_}ll.r_,s, pr<sum_hly not

i',_l_llln_', h:we shqwn rather |;'.rge |ater:_] tnollnrl_ In fl!g|lt (see rcf. 10). It 1.3 l'10t kllown

'_h(.lher Stleh ba+]l:_vIor oeellr_ at high super_Jrll0 speeds.

On the other hand, the _.Idlert ', in common with other very

high drag shal)es l,nay 1)e llnaeeelflal)]+, if:

1. The Itm" I¢'rmimtl speed eann(tl 1),, l)ermittt,d (e. g.,
beeavse of excessive _iml drift).

9 The nmgnilu,le uf the l,naximun_ +dceeh+|ation is

grealer t]lalll 0111-1 |)(' allov,,(,(l.

The first of ilws,' disa<Jvanla/es of the sphere mi':ht l,e

minimized by protrtt(ling a flmv-separalion-in,hwing spike

fl'4)lll |lit' ft'Ol1-t Of the sphere to redtlc(? the drag <',.'flici,'nl

to rot,ghly half (see l'Of. II). Stalfilization w<,,+hl now I,,..

roqnired hut OlllX to lit(, extellt reqllir0d to counterl)aJ+ill(.e

the momerfl produced IG + the spike. ,";l)t,cial provision wotd,l

have to l)el,nade for e(,oling tit,' Sl)ike.

Both of the dis'tdvanlages of vel,'y high drag sh,qws may

however be alh,viated 1).y u+.ing vnrh_ble gemmelry arrange-

ntenis. For exnmph,, an arrangement whi<'h st]g_(.sts if,_clf

is a rouml-nos,.d shape with <'onh.a| nft+,rho,Jv .f low ap,'x

an,+.qe empl<+ying nn exlcn,4tlle skh'l at lhe hose. With the

skirl lhw,'d, tile advantages of high ,h'ag are obtained during

the entry phase of ftighl where the aero<lynanlie ]u'allng is

intcn_l,, [,aler, theskirl llaremayl)<,deerea_ed tovarv tile

drag so as to produce the desired <h'eeh, ration an<l speed

history. If the deeeleralion is specified in the equation of

mallei( (see motion analysis), the required variation of drag
coelTtciont with altitude can he calculated.

The examples eonsith,,'ed, of course, are inc]t|ded only to

tJenlonstrate some of the l,neans the designer has at hand to

control and diminish the aerodynami(, hcating prohh,tn.

For Siml)]ieitv , tl&, pr<)bh,m has been treated, fl)r t]n' most

parl, in a ]'e]a(ive rather t]mn absolute f._s}timn. In any

fin:d design, there is, eh-trly, no sul)stilutc for Slel}-l_y-s[c p
or other more aecm'ate calmdation of both the l,notiot| an<[

aerodynamic heating of a missile.

Even from a qualit,ttive point of view, a further word of

enution, must be given eoneerning the analysis of this paper.

[n particular, l]n'oughot, t, we have neglected effects of

gaseous imperf,,clions (such as dissoeiati<m) and shock-wave

l>otm(lary-htycr interaction on col,_v('<'tive heat transfer to

a mimsile, fund of radiative heat h'ansfer to or f['on_ lhe

missih,. One would not antieipate ihal these phenomena

wouhl significantly alter the eonclusions reached on the

l,'elative merits of slender and bhunl shapes fl'om l]tc stand-

point of heat transfer at entrance speeds at leasl up to about

10,000 feet per seeond. ]t cannel la<'itly be assumed.

]mwevel,', lhat lifts will 1)e lhe case at hig]ter en(l"anee speeds

(see Appendix B). Accurate eonelusions regarding the

dcpendenee of heat transfer on shape for missiles (,ntel,'inft

the atmosphere at extremely high supersonic speeds must

await th(, availability of more reliable data on the static and

dynamic properties of air at the high tcmperatures and

presmures lhat will 1)e encountered.

AM Es A EI{OXAUTICAL LABORATORY

NATIOXAh AI)VI,SOI{Y COMMITTEE FOR AERONAUTICS
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APPENDIX B

SIMPLIFYING ASSUMPTIONS IN TIlE CALCULATION OF AERODYNAMIC HEATING

As noted in tile main body of the report, the healing

analysis is simplified by making the fl,llowing assun,l)tion_:

I. Convective heat transfer is of fro'ernest importance;

that is, radiative effe('ts may be neglected.

2. Effects of gaseous imperfections, in particular dis-

social ion, may be neglected.

3. Effects of shock-wave boundary-layer inierariion

may be neglecled.

4. lleynolds' analogy i_ applic,bh,.

5. Prandil hum.her is rarity.

The re_;trietions imposed b 3" these assurnplicms will now be
c(m,ddm'ed in some detail.

lu assun)pt ion I, i we siml)lifie)dions are involved ; nnmoly,

(I) radio(ion from t))e surface of t]tc body is neglected, and

(2) radiation to lit{, la)dy from the high-tenq)eralure dis-

turbcd air between the shock wave and the surface is neff-

h'ctcd. The first sin,l)lifieation may be ju._tified on the

premise that tile maximmn allowable surface temperature

will be a.bout the same for one body ns compared with

another, irrespective of shape, and, consequently, radiation

away from the surface will be approxin,ately the same.

Ilcnce, neglecting this form of hen( transfer should not

at)preciably change the relative heating wtfi('h is of principal

interest in this paper.

The second simplification of ignoring radialive heat trans-

fer from the disturbed air to the body is not so easily treal ed.

At ordinary flight speeds tiffs form of heat transfer is neg-

ligible since it. is well established that at temperatures not

too different, from ambient temperature, air is both a poor

radiator and a poor absorber. At. the flight speeds of

interest, temperatures ill the lens of thousands of degrees

Fahrenlwit may be easily ot)taincd in the disburbed air flow,

especially about the hea,_ier blunt bodies. At these temper-

atures it does not follow, a priori, that air is a poor radiator.

Data on the properties of air at these temperatures are

indeed meager, tlence, it is clear that calculations of

radiative heat transfer from air under tllcse conditions must,

at best, be qualitative. Neverlheless, several such caleula-

lions have been me(Iv, assuming for lack of better informa-

tion that air behaves as a grey body r0diator and that

Wein's law may be used (o relate the wave length at which

tile maximum anlount of radialion is emitte(l to tile temper-

ature of the air (this assumption, in effect, enables low-

temperature data on the emissivity of air to be used in

calculating radiation at high iemperatm'es). In these
calculations effects of dissociation in reducing the temper-

ature of the (listurl)ed air have also been negle('te,l and

hence from Ihis siandpoird, at least, conservative (i. e., too

high) cstimales of radiative heat transfer shouhl evolve.

The resnlts of these calculations indicate tile following: (1)

llmliative heat transfl,r fr()nl the disturl)ed air to the body

is of negligible imIl()rtance compared to convective heqt

transfer at ,,ntrance Sl>ceds in the neighhorhood of, or h,ss

than, 10,0O0 feet per second; (2) I{adialive heat transfer, in

the case of relatively massive hhmt bodies, may have to

lie considered in heal-transfer cal<'ulations at entrance speeds

in the neightmrhood of 20,0130 feel per second; (3) Yladialive

heat transfer, in the case of relqtively massive 1,hint l>o,lies,

may l)e of ('amparal,le import n m'e to eonveet ice heat I ransfer

nl entrance speeds in t}w neighl)orlmod of qO,O00 feet, per

second. From these results, wc conclude, then, thal the

))egh,(.t ,f rvdialive heal lra))sfer from the distm'bcd air

tt) thc body is probahly permissible for all except, perhaps,

very blunt and heavy shapes at. enlrance speeds up to 20,000

feel per second, lIowevcr, this simplification may not be

permissible, especia]ly in the ease of heavy l)hmt bodies

entering the atnmsphere at speeds in the neighborlmod of, or

greater than, 30,000 feet per second.

In assumption 2, the neglert of effects of gascons imper-

fections, particularly dissociation, on convcelive heat transfer

would appear to be permissible at entrance speeds up to

and in ttle neighborhood of 10,000 feel per second, since at

such speeds the temperatures of the disturbed air are no(

high enough for these imperfections to become significantly

manifest. On tile other hand, as the entrance speeds ap-

proach 20,000 feet per second, temperatures of the disturbed

air may easily exceed 10,000 ° Ranking in which case appre-

ciable dissociation may be anticipated, inside the boundary

layer for all bodies, and inside and outside the boundary

layer in the case of blunt bodies. The magnfitude of these

ef]'e('ls is at. present in som.c doubt (see, c. g., the results

of refs. 12 and 12.) Itence, for the present, the neglect of

effects of gaseous imperfections on convective heat transfer

is not denmnstrably permissible at entrance speeds in the

neighborhood of 20,000 feet per second or greater.

]n sssumption 3, it. has been shown by Lees and Probsiein

(ref. 14), and more recently by Li and Nagamatsu (ref. !5),

that shock-wave boundary-layer interaction may signifi-

cantly increase laminar skin-friction cocNcients on a flat

plate at zero incidence and Maeh numbers in excess of about

10. Lees and Probstein found somewhat the opposite effect.
on heat-transfer rate in the case of weak interaction. It is

not now known how (his phenomenon depends upon body

shape or type of boundary layer. However, it is reasonable

to anticipate that there will be some effect, and certainly if

the skin-friction coetficient is increased in order of magnitude

at .XIaeh numbers approaching 20, as indicated by tile

results of 1,1 and Nagamatsu f()r strong interaction, Ilion

the phenomenon cannot be presumed negligil)le. Hence,

we conchtde that fronlt this standpoint, also, the convective
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APPENDIX A

SYMBOLS

reference area for drag ev,hlatlon, fO
body fat{or, dimensionless

(See eq. (51).)
drag coefficient, dimensionless

skin-friction coefficient based on conditions just
outside the 1)oumlary layer, dimensionh,ss

equivalent skin-fiiet ion cocflMent, dimensionless
(See cq. (28).)

f/-lb
specific heat at constant pressure, slug °R

fl-ll,
specific he_,t at constant volume, _-w_(._ f
functions of B-_y, dimensionless

(See eqs. (18), (19), and 09).)
acceleration due to force of gravity

ft-lb
convective heat-transfer coefficient, ft _ see °R

ft-lb
heat transferred per unit area, fff

ft-lb
thermal conductivity, see ft _ (°R/ft)-
mass, slugs

Maeh number, dimensionless
Nusselt number, dimensionless
Prandtl nmnber, dimensionless
total heat transferred, ft-lb
Reynolds number, dimensionless
surface area, ft _
temperature (ambient temperature of air at

altitude y unless otherwise specified), °R
time, sec

ft
velocity, se_

x,y

Z

.y

A

0
l

2

3

E

l

/,

8

'W

horizontal and vertical distance from impact
point, ft

variable of integration, ft_
see 2

constant in density--ahitude relation, ft -t
(See eq. (2).)

ratio of specific ]teat at cons/ant pressure to
specific ]teat at constant volume, Cp/C,
dimensionless

increment,
(lislanee within the shell measured m)rmal to

shell surfa('e, ft

angle of flight path with respect to horizontal,
(leg

coefficient of absolute viscosity, slugs
ftscc

slug
air density, ft _

radius, ft
relative heat-transfer factor, dimensionless

(See eqs. (56) and (57).)

SUBSCRIPTS

conditions at sea level (y--O)
conditions at altitude y_ (eq. (15))

conditions at altitude y_ (eq. (38))

conditions at altitude Ys (eq. (47))

conditions at entrance to earth's atmosphere
local conditions

recovery conditions

stagnation conditions
wall conditions

conditions within the shell of the missile

qlP
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heat-transfer calct,hitions of this repi)rl may be in error al

entrance speeds of the o,'der of 20,000 fi,ct per second or

gl'('iL[er.

The assumption that Reynolds' aualogy may be used {o

relate s!dn-fl'ietion and heal-tran,_fer coefl',_ie,t does not,

especially in the light of recent work by ]-{ulwshl (ref. 1_),

seem out of line with the purposes of this paper, at least at

entrance speeds up to and iu the neighborhood of 10,000

feet per second. Itowever, it does not follc, w, a priori, lha!

this ns._uml)tion remains valid at substanlhdly higher

entrance speeds, especially in view of the imperfect gas nnd

sl_o(:k-wave boundary-]ayer-hfleraelion efferts already dis-

(.llssed.

The assumpliou of I"randll liUllll)er equal to unity wouhl

also appear permi,_sil)h, for the nualvsis of relative he, ling

of missih.s at the lower entrance sp,,,d,; ('ou:id(,red hero.

Ilowever, iu view of the quesliolml>](, i,fl'ecl (see ngaiu refs.

12 and 131 of dissociation on lh'andtl number, il is lie( clear

that this nssuml>tion is slrirlly valid at the intermediate

and higher entrauce sl)eeds treated in this report.

From these considerations it is concluded thai the simpli-
fying ass{]rnptions made in the maif_ heat-transfer analysis

of this paper will not siguificautly influence the results at,

entrance speeds in the neighborhood of or less than 10,000

feet per seeoud. However, at entrance speeds in the

neighbo,'hood of and g,'eater Ihat_ '30,000 fee! per second,

these resul|s must be viewed willl skclltirism. More accu-

rate calculations of heat transf,r at these speeds nlust,

among other things, await more accurate dcterminations of

both the static and dynamic properties of air under these

circumstances,
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On the Corridor and Associated Trajectory Accuracy for
Entry of Manned Spacecraft into Planetary Atmospheres

By

Dean R. Chapman 1

(With 10 Figures)

(Received dul,e I$, 1959)

Abstract _ Zusammenfas._ung _ l_._sum4.

.On the Corridor and Assoeiaied TraJeelory Accuracy lor Enlry of Manned ,qpacccrafl

in|o Planelary Atmnsphvres. An analysis has },een devt.l,,pcd which delermine-; the
cnrrid(,r thrmzgh whi('h manned spacecraft must be guided in nr(h.r to av(_i,l ex-

cessive deceleration for human occupants and yet to encounter sufficient deeelerati,m

for completing entry. The analysis introduces a dimensionless parameter couplin_

the aerodynamic chara('teristies of the vehicle with certain l)lanetary eharaet_.ristics
evaluated at the perigee altitude eorresD3nding to the approach conic trajectory.

This perigee paramcter conveniently bridges |he two-body orbit equations to the

re.entry rnoti,m equatinn_, and provides a general basis for specifying the eorri,l,_r

width for entries from either elliptic, parabolic, or hypcrb,_lie apprna('h traject_ries.
The results apply to vehicles of arbitrary weight, shape, anrl size entering a planetary

atmosphere. Illustrative calculations are presented fl)r Earth, Venus, Mars, Jupiter,
and Titan.

It is shown that the altitude of an entry corridor depends stro,_gly on the vehi(.h,

weight, size, and drag coefficient, but that the corridor width between its oversh,_,Jt
and undm'shoot boundaric's is independent of these eharaeterist its. For certain planets

(Earth, Venus, Jupiter) the corridor width is much grcat,.r for vehicles with ae,-o-

dynamic lift than for nonlifting vehicle.q, but h*r other planets (e.g., Mars, Tilan)

aerodynamic lift cannot effectively broaden the entry corridor. For example, ttu,

10-Earth-G corridor width for single-pass parah()lie entry of a non-lifting vehi,.h.
can he increased from 0 kilometers f(_r Jupiter, 11 f,*r Earth, and 13 fc,r Vvnu_. I,_

83, 82, and 83 kilometers, re_pcctivel.v, by eml)loyin_: a vehicle with a lift-drag rati,,

,,f 1; the corresponding corrid(,r widths f_r .Mars and Titan cann,_t be similarly in-
creased very much beyond the values of" 650 and 2,200 kilometers, respeetiw,l.v,

corresponding to vehiclts without lift. For an.,,' lift.drag ratio tim corridor width

decreases rapidly as the entry velocity is increased (e.g., far nonlifl ing vehicles entering
the earth's atmosphere, the corridor decreases from about 290 kilometers wide at

circular velocity, to 11 at parabolic velocity, to 0 at hyperbolic velocities greater
than 1.8×cireular).

The guidance requirements on accuracy of veh_eity and flight-path angle as

determined by the eorridnr width arc compared with the corresponding guidance

requirements for other tc('hnologieal mission,_ such as those for putting a vehicle

intr_ orbit, for hitting the monn from the earth, and for achieving intercontinental

ballistic missile accuracy.

1 Aeronautical lRcsearel, Scientist, National Acrnnauties and Space A(hnini.qtra-
ties, Ames 1Research Center, Moff('tt Ficht, California, U.S.A.

Reprinted from Prec. Xth Intern. Astronautical

Congress (Springer-Verlag, Vienna, 1960)

pp. 254-267 By Permission
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D.R. CllAP_A.',': Oil the Corridur and As_.ociated Trajectory Accuracy

|'bcr ,lie Gcnaulukei{ yon ,,Rorrldor"- uud vcrwandten ilahnen behn E|ntritt

bemannier ]laumfahrzcuge In Planelenaimosphiircn. In der vorlicgcndcn Arbeit xvird

eine Analyse zur ]";estimmung des Korrid,)rs au,._efUhrl, ,lurch den ein l)em0.nnles

]{aumfahrzo.lg gefiihrl v.-crden n'm0, um iibermiii3ige Verz6gcrung ffir die mcnsch-

}iehe ]_h,tnann,mg zu vermciden u,ul lrotzdcm _u_rci(.l{cn(tc Vcl-ziSgcrllng ffir das

Gelingcn (h,s ]';inlrilts in dio Almosphiire zu errcichen. Die Analyse fi,hrt einen

dimcnsimMoscn Parameter ein, dcr (lit. aorodynanlischen Kennzeichen des Ilamn-

fahrzcugcs mit l)cstimmten pta,mtaren Charakteristil¢cn verl)indct, die bet dec llOhc

des Pcrigiiumn ausgewertet werden, das (h.r konis('hcn Anniihcrungsbahn enlspricht.

])icser Perigfiumlmrameter vcrbin, det in gceigncler \Vcise (tie Zwci-Kiirpcr-Bahn-

gleichungcn rail (lcn ]_;ewegu,igsgh,iehungen f(i," dcn V','iedcreintritt und schafft eine

allgemeine Grundlagc flit (lie Feststelhmg der Korridorweite ftir dic II.liekkehr cnt-

wcder aus elliplis('her bzw. pm-al,di_vhor oder hyporboli.qeher Anniih(.rnn{zsbahn.

Die Ergclmis_o beziehen sieh auf I{aumf*dwzeugc "yon willkiMi('h anzunehnmndem

Gcwieht, C,(,stah und (Th'6Oc, die in cinc Phmctcnatmosphiire eindringcn. Illustrative

Reehnungen wcr(ten flit ,lie Erd,-, Venus, Mars, Jupiler und Titan nngefiihrl.

Es wird gczeigt, (tab dlc ]{6he des I,'Antriitskm','id(ws sehr yon Gewicht, Cr6Be

nnd t,Vidcrstandskoeffizient des Fahrzougcs abh/ingon, dab abor (tie Korridm'b,-cite

zwischcn seinen obc,.'stcn und untcrstcn Grenzcn unabhimgig yon diesen I(ennzeichen

ist. Im Fallc bestimmter Planeicn (Erde, Venus, Jupiter) is( (tie Korri(tcwbreite

vicl gr61Jcr flir Fahrzcugc mit acr()dynanaischcm Auftrieb al_ fiir Fahrzeuge ohne

Auft,'icb, abet bet anderen Planetcn (z. B. Mars, Titan) kann dcr aerodynmnisehe

Auftrieb den Eintrillskorridor nicht wirksam vcrbreitcrn. Bcispielsweise kann (tie

Korridorbreile yon 10 irdisehen g ffir einen parab(,lisehen EinpaBcinlritt eines

auflricbsloscn Fahrzeuges yon 0 km fiir Jupiter, 11 fiir die Erdc und 13 fiir (tie Venus
auf 83, bzw. 82 und 83 km erhoht _vcr(ten, wenn tin Fahrzeug mit eincm Auftrieb-

Vk'idcrslan(l-Vcrhiillni_ yon 1 vcrwendel wird. Die enlsprechcnden l(orridorbreiten

f(ir Mars und Titan k6nncn nicht in ahnlicher \Vei._e sehr stark fiber die Wertc von

650 bzw. 2200 k,,, crh6ht wer(h'n, wclcho auftrieb_lr)sen Fahrzeugcn entq,'ochen.

Ftir irgcndein Auftricb-V_'iderstan(1-Verhlillnis nimmt (tie Korridorbrcite schnell ab,

wenn (tie Einlrittsgeschwindigkeit vergrbBert wird (z. B. nimmt ffir auflriebslose

Fahrzeuge, welch( in (lie Erdatmosphiire einlrclen, der Korridor yon ungef/ihr

290 km Breilc bet Kreisgeschwindigkeil auf 11 bet parabolischer Geschwindigkeit

und a,,f 0 bet hyperbolischen Geschwmdigkoiten ab, (tie gr6Oer als das 1,8faehe der

Kreisbahngesehwindigkcit sind).

Die Lcnkungscrfordcrnisse hinsichtlieh der Gcnauigkcit yon Gcschwindigkeit und

Flugwcgwinkel, wie sie dutch ¢lie Korridorbreite bestimmt wcrden, werdcn mit

den cnlsprcchendon Lenkungserf(wdernisscn for andere teclm()logisehe Auftr/ige vcr-

gliehcn, wie z. B. (tern, tin Fahrzeug in (tie Unflaufbahn zu bringcn, yon der Erde

aus den Mond zu treffen, und fiir (lie Verwirklichung genauer interkontincntaler

ballist iseher Gcschogs_.

Prt_clsion de la trajcctolre et corridor de rentr(_e d'un astronef pilotd dans une

atmospht_re de planbte. Analyse du corridor dans lequcl un a-_troncf dolt _'.tre guid6

pour obtcnir unc d(.c6l(,ation suffisanle ct ccp(,ndant tol('rable par les occupants.

Un param6tre sans dimension couple les caractdristi(tues adrodynamiques du vdhiculc

avec certaincs caraetdrist iquos plandtaircs dvalude_ au p(.rig(!o de la eonique d'approche.

II a-_..surc la transilion entre {e._ _qualions (tu problb,ne des (te'dx corps avcc eellcs de

la lrajcctoirc de rcntrdc et forme la base gdn6rale pcrmcttant de spdcifier la largeur

du corridor dans une approche du type clliptique, paraboliqve ou hyperbolique.

Los r6sultats sont apldieablcs_ nux v6hicuh.s de forme, poids ct dimensions arbitraires

pdn6trant unc atmo_l)hbre planStaire. Application num6rique est faitc pour la Tcrre,

Venus, .Mars, Jupiter el Titan.

L'altitudc (l'un eorrid,w dc rentr,ac ddpcnd fo,'temcnl du lmids, des dimensions

ct du coefficient dc traindc (tu vdhiculc. Mats la ]argcur du corri(l_w (.st inddpendante

de ces caraet(_ristiques. P()ur (+rtaines l)lanbtes (Terre, Venus, Jul)iter ) eelte largm,r

est plus grande en prdsonce do porlanco; pour d'autres (Mars, Titan) la portance ne

peut 61argir appr(%iabh,ment le corridor. Par cxemple la largeur (Fun corridor (le

29
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10 g (terreslres) pour une passe d'approehe simple paraboliqvo, peu! passer de 0 kih_-

m;,tves pour ,)upit,,r, ] ] ,lmm • ]a Tcrre et 1:3 pour Venu._ "t re_pevtivement 83, $2 el

83 par l'emploi d'ml rapport lmrtmwe/trainde de 1. Les largem's correspondantes
pour Mars ot Titan no peuvent b_re accrues sensiMement au del'_ des valeurs de

650 et 22h0 kihmd'tres obtenues sans portanee. Quel que soil |e rapport portanee/
/train(e la largeur ddcroi| rapidement avee la vitesse d'approehe. Par c×emple pour
unc npproehe sans portanee dans l'atmosph6re terreslre, elle d6eroit de 290 kilo-

m6tres, h la vitesse orbitale, a 11, h la vitesse de libdration, et 0 pour des vitesses
hyperbollques, sup(rieures h 1,8 rids la vilessc ovbitale.

La pr6cision du guidage en vitesse et angles, dtqerminde par la largeur <tu eorri<lor,

est eomparbe h eelle requise par d'autres performances telles que la raise en orbite,
]a capture hmaire et la prgeision balistique intereontinentale.

Introduction

It is generally anlicit>ated that the first entry of a mamwd space vehicle into

lhe earth's atnm._phere will he from a near-circular orbit. Because of this the entry

problems of dccelcration and heating have been studied for near-circular veloc-

ities much nmrc than for supereircular velocities. In the hopefully near future,

entry at, essentially parabolic velocity will be of practical concern (e.g., upon

return from a manned moon mis-

DVERSHOOTBOUNDARYsion), as will be entry at hytmrbolie
_oo C,TT,E _._" tNTRY velocities in the more distant future.

DRAG t'.'/ _'_ CORRIDOR

../" ,.-_ One problem which is important

UNDERSHOOTBOUNDARYfor supereireular entries, yet is
relatively unimportant for near-

: circular entrics, is that as_oeiate(t

roe _uc. .... with the guidance requirements
DECELERATION

...... for avoiding excessive deceleration
or beating during entry. In terres-

trial- flight of aircraft, an under-

\\ shoot, approach in landing is

x easily corrected by a brief appli-

Fig. i. Entry corridor for manned spacecraft cation of a small aulount of power,

and an overshoot approach is easily

corrected by malting a return pass. In space flight, tmdershoot or overshoot

approaches can also be corrected by analogous procedures, but the consequences

arc much mbre severe. If a guidance error causes the spacecraft to undershoot

the intended trajectory too much, as illustrated by the inner two dashed trajec-

tories in Fig. 1, the vehicle will enter the atmosphere at an excessively steep angle

and experience excessive deceleration fi_r human occupants. It would take a

,'elativcly large amount of fuel to correct the trajectory once the vehicle is within

or near the planet's atmosplmre. If, at the other extreme, a guidance error results

in overshooting the intended trajectory too ninth, as illustrated by the outer

dashed trajectories in Fig. 1, then the vehicle will not encounter enough atmos-

phere for slowing sufficiently to complete entry, and will have to make a return

pass. Ileturn passes not only would require additional traverses of any radiation

belt around the planet, but also would require in most cases an additional retro-

rocket thrust to eoml_lcte entry in other than a large numher of such passes.

After excluding approach trajeetories represent ing overshoot and excessive under.

sboot (shaded portions in Fig. 1), all that is left for some planets is a meagerly

narrow corridor through which a spacecraft must be guided. The outer and innel"

botmdaries of this single-pa._s entry corridor arc referred to herein as the overshoot

and undershoot boundaries, respectively.

3O
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This paper summarizes some res_dts of a general study of the entry corridor

and its boundaries, t':nt ry _ni(lance and acrod3mamic heating problems are consid-
ered t_or spacecraft having various lift-drag raiios entering various planets at
velocities between circular and twice circular velocity. A more detailed account
of the research smmnarized her'ein, including development of the mathematical
aspects of the analysis, may be found in [1 ]. The present paper attempts only to
describe certain results; essential equations are stated and explained, but not
derived. The results dcserihed are hased on sevend hundred solutions to a trans-

formed, nonlinear, differential equalion representing entry motion in a planetary
at mosphere.

Results and Discussion

Dimensionless Parameters Characlerizing Entry

Many of the syml,ols employed ill characterizing snpereireular entries and in
presenling rc,_ult_ which follow are illustrated in Fig. 2. A spacecraft of mass m
enters a plan_'t's atmosphere along the lrajectory represented 1Ly the solid curve.
This curve intercepts the "sensible atmosphere" cos,c
at (i), at. which point the flight-path angle is equal PER_GEE_ _,1v,

to the "initial angle" y_. This angle conventionally is _""],__'_'-_

employed to characterize an entry motion but is
not eml)loyed herein. For shallow supcrcireular
entries which just graze an outer edge of atmosphere,
appropriate initial conditions are euml)ersome to _ -.
spe(.ify because, at all points along that portion ',
of approach trajectory for which aerodynamic forces ,,

are negligible (lhat is, at points for which y> y_), ,,
the flight-l)ath angle y, veloeit,v V, and altitude Fig. 2. Sketch illustrating
y ehange continuously as the initial altitude y_ is notatlo,
approached. 3I(weover, the appropriate initial 7_ and
y_ are different for each vehicle and each approach angle. If the atmosphere
were not present and the spacecraft encountered no drag, the vehicle would con-
tinue along a conic trajectory and pass through a perigee point designated in
Fig. 2 as the conic perigee. The actual entry trajectory does not pass through this
conic perigee point because it is diverted by aerodynamic forces. The velocity
t'r. altitude y,, and flight-path angle (y=0) at the eonie perigee, however, are
unique and unchanging for all poinls along the approach trajectory; thus the
conic perigee does not depend on where the sensible atmosphere begins. Primarily
for this reason, a parameter based on conditions at the conic perigee, and not on
7;, is employed for convenience in characterizing supercireular entries.

The mathematical basis for the significance of the partieular perigee param-
eter F used throughout this report is not established herein (see [1]); it will
suffice to note that this parameter can be applied to an,,, exponential planetary
at mosphere and to vehicles of arbit rary weight, size and shape. The perigee param-
eter couples characteristics of the vehicle with characteristics of the atmosphere
at. the conic perigee. It is defined as

F == 2 (m/Ct_A) -- (1)

where r is the radius to the conic perigee altitude, _2pis the dclMty at this altitude,
(7_, is the vehMe drag coefficient based upon a fixed reference area A, and/3 is the _"
exponential decay parameler for the atmosphere defined by
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d (h, '2)==:ft. (2)
dy

Tile parameter fl is the reciproc.al _,f the scale height of the atmosphere, and
is rela ted t o tile eharaet erist its of t he a t mosphere t hn mgh t he well-knov,'n equat ion

5Ig
fl= • (3)

Here M is the molecular weight of flw atmosphere, T the temperature, R the
universal gas constant, and g the gravitational constant. Tile dimensionless initial

velocity used in presenting subsequent ,'esults is defined as

-- T'_"

t', = \,)r ' O)

This has the I,hysieal significance that 1-', ] represeuts circular entry, ] < [7<

< v'2 elliplie entry, V,= x'2parabolie entry, and P_>-',/2 hyperbolic entry.

For shalh,w entries V, is equal to 1;. the dimensionless velocity at. conic perigee.
Three dimensionless parameters completely characterize any shallow super-

circular entry into a spherically symmetric, mmv'otating, exponential atmosphere,
provided the aerodynamic coefficients are sensibly constant. One parameter is

the dimensionless initial velocity _v ano{her is tile perigee parameter F. The
third dimensionless parameter combines certain characteristics of the planetary

atmosphere with the lift-drag ratio of the wqficle, and is equal to ,c'fi r(L/D).

It will be employed here in tile normalized form x/(flr)_ (L/D), where the sub-

script _ designates a value relative to that for the earth, for example,

%/-(fl,.)O __ \/fir _ (5)

These three dimensionless quantities determine the overshoot boundary of the

entry corridor, and also the undm'shoot boundar.v for any given value of tile di-
mensionless maxinmm deceleration:

a ..... x/i _ [x}(i_)• r./DV (6)

gO _/(flr)e X� l -_ (L/I)) _

The dimensionless deceleralion (; is equal to (;, the deceleration in earth sc_
level G's, only for entry into the earth's atmosphere. Inasmuch as the entry
corridor widlh depends upon the maxinmm deceleration arbitrarily selected, it
follows from eq. (6) that the calculation of corridor widths for various planets

requires a knowledge of g_ and x/(flr)_. Approximate values of these parameters
for different celestial objects of the solar system arc listed in the following table

(also listed for laler use are wdues of the altitude increment , Ii0Y over which the
density changes by a factor of 10):

fro % (Br)_ .flog for 10:l
, ('hange in 0, km

t
l

Venus .......... 0.87 1.0 14
Eart]| ........... 1.00 1.00 ! 6
Mars ............. 38 .47 42

Jupit,,r......... 2.6 2.0 42
Titan ............ 22 .27 70

P
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In tile ealt'ulalions of aerodynanfic heating, additional equationa and plane-

tary constants wouht l_e n('ed('(t. These are given in [[]. ']'lie main qualitative

aspects of the aertMynanfic ht,ating prtddem art; discussed with the akl of two

simple equations pr(,_enled later.

Corridor Width

The entry corridor width can 1)e calculated readily from the (listanee between

lhe overshoot and undershoot lumndaries on a plot wherein logl0 F_, is used as

one of the coordinates. From the deihiing eq. (1), the corridor with y,o,7!#,,

hetween eonie perigee altitudes at overshtmt and undershoot is simply

Ypo_-- l/v:,, Yvo, : )Iv,,,, (Fvmld",_A)

- . I;; -_/ .... (2 [:_;S[ _ ) -- L 1( )glO (_ ,, ,,,i(" " i _ _ a'_).,,- I'" • (7)

It fi_llmrs that. if m'F,,A iv, tile same at overshoot and undershoot, then tile

corridor width rci,resenled hy an ineremenl of role unit in logl0F p is simply

equal to .lmy, lhc quantity labulaled above.

The importance of guidance prol)lems for supereireular eat ties, and the relative

unimportance for near circular entry, may 1)e seen from the curves in Fig. 3

which show overshoot and un(lers}mot

boundaries of the entry corridor as a

fimetion of the initial veh,('ity. In the

dimensionless eoordinah,s emi)loyed ,

these curves can be applird to any

planet. The spaein_ hutw(.en values of

logl0/;'p which represents a lO0 km cor-

ridor width in the earth's atnmsph(,re

(for eonslant m fC,,-I ) has bet'n indicated

for reference in ]rig. 3. The curves apply

for the ease X"(17r) e L'I) l, which

represents LiD 1 for the earth's

atmosphere (LiD =-- I al(mg lhe

overshoot t)oundary, and L/D=: +1

ahmg undm'sho(_t 1,,undary). Curves

fin' other lift-drag rati-s show exa('tly

20-

IB-

Vi

16-

14-

12-

OVERSHOOT UNDERSHOOT

L ,x_.I-_l..

_ ox_O'GMAX

FOR EAR.H . , , , _

8 16 24 32

LOG PERIGEE P&Rb.METER, LOOlO Fp

I"il_. 3. I.:lr,.,.i of illifilil ',,']()('i(',' nn ovors}lool and

illidor_h()(ll llOtlii(tttlil_s lip i>ll(r_ , corridor

the same trends, naniely, a l)ronouneed (h,erease in lhe earridor wMth (proportional

to the spacing tletween lh(' (iversllt._l l)Ollll(lary alld tim lmdershoot l)ollll(]al'y

in Fig. 3) as the entr 3 vel(mily is increased. In the case (if (; :5, for example,

the eorri(h)r width for liarah,,li( , enlry {l', \'2) is only about 1/131h as _vi(le

as for circular ('nlry, and fi,r hyperh(,lie elllry lit V,=2.0, is only a few percent

of the eorrespmiding xvitlth fi,r circular entry.
Although lhe Clll'VCs ill Fig..3 are designaled as applying t(J a fixe(t value of

%'(Igr)e LiD, lhe LD n('('(l llOt be held OOllSlalit during an entire elllry. At

overshoot L,I-) would haw. i. I)e (.ollslallt ,,nly unlil the point of loeal circular

vchteily is rea(.h(,d, alld lit und(>rsh_,ot, only tllll il lhe poinl of maximum deceler-

ation is reached. Bey, rod lh(.s(, p, fints L/I) cmihl he varied and the curves would

still' apply.

One qualitaiive resull evi&.nt fr.m a sitldy of the three different undershoot

boundaries sll,_wn in Fig. 3. ('oneerns the illfhimlec of the arbitrarily selected

maximum deeeleralion _lll the corridor widtll. Tim corridor width for G,,,,: l0

17"
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is al)pr<)ximately (wit(, that f()r :, ,: 5, and likewise (he em'ridm' width f()r 6',....

=: 2(} J'_ a]),)U[ i\ViCO 'Ilia( l"()t' r'/ ..... ](). This 1'O11_]I pl'l_]')OFti,)lla]i|y O[" ('l)t'rlfI()l'

width to (: ..... al)plics thr,,ughoui tilt' range (if eniry vel,)cities considered in Fig. S.
but it apldies only It) vehi.h's _ith sul)_t.udia| ]ift-(Irag ratios, that is, with lift-

(Ir-'_ rati)s suc]i tlmt \'(title L D..0.5 approximately (see [I D. For vehMt's
with()ut lift the eorrid(>r widtiis are not even approximately i)roportio)lal it) the
%'_11 l! O ( tof :,,,,o.; f()r ex.')mph', lit(' value: of (:/po,--ff_,,.). l]0 !i fi>r (,,.,,. (>f 5, 10, and 20

are (-), 0.7, and ").0, re:l)eelivcly. Nonlifiin/vchich's d() exhibit, however, the same

(rend (if decreasing corridor widill wilh increasing entry vel<,ei(.v as exhil)it(,d

by lifting vehicles; for example, the values (,f (!/.,,,---9,',,.)]10.q with 6', ..... = 10

are l_. 0.7, an(l (), fi,r V, (if I ( , I.-|, and l,,s;, respectively. The ('orre:p<mdin_ eorri-

(h)r widths f()r entry into Earth (It,, !/ 16 kin). l(,i' cxa)nplc, would all,crease frc)m

Fig, 4. Lowering tlt,, un+l,'rsh:,ut 'Loundarv 1,5" tn('Itns
of po,dtlx',+ m'rodvnamic lift

21)() km at |*_- 1, t() ] ] at I'_ l.-l, to

0at V, Is. Tim-+ values apl)]y to
th(' ea-m where m.("+_.-I is the same
at (}V{'|'Sh()C)( aS _l[, tlil(]Ol'SJloot.

The results just discussed, illus-
trating hou the corridor sh)'i)lks as
the entry veh)city increases and
broadcns as the permissil)ie deceler-
ation increases, are llll(|el'stftllda|)]e

from simllh' l)hysieal congideration:.
The re_.ults it) lie presented shortly
eoneernin_ the infhl(,nce of positive

and llogalive _#, D oil lilo eilrridor

I)Otlll(|arie_, ]l<>wever, are less easily
understood with,mr some siml>h,

physical exl)lanalion. Consequently> heft)re pre_eniin_ additi(mal mathenlaiieal

results hi t(:rlns (if dinlen<hmtess T)ai'ai`il(,tt.l'S. a shnlilc t)liysical exli]analion will be

outihied. In Fig. 4, l we ontri(.._ are depicted, one whho`ill lift and one with 1)<).ql ire

lift. in both cases the enli'y eorrespoilfis tlJ lhat ,'/]<m 7 the lindersho()l honlldilry

and l'esu|t._ hi Ill(, sail`ie lllaxhlllllll dccelerati()n. The th)ite(t lines represent what

the trajeut(irios w(')llld have been had there been 110 ael'()(l.viialilio fol'oe; lhev

l)a,_s through th0h" resper.tiv0 conic perigee pohlls eoi'rosp_)n(lirig to lhe undershoot

b(ilindarv. '|'lie lion}ifthig vehicle d(,s_>ends in a sin(l(llh Inollnl(inie fashic)n, exi)eri-

el`icing its inaxinltln`i dt'celeration at the point indieat(,d. Tilt. lifting vehicle ]|as

lhe same vahle of m+C_ A, hut. as it (qltel's the atlllospheFe, tilt' tl'ali,4Vel'SO lifting

force deflcci._ the irajoc'torv away from the planul's eenlcr.._|axii`i`iuni deeclerati()n

is experiene0d ill roughly the snme altitude as f()l' tilt, nonlifiin 7 veil|tie, ovell

th()u_]l the liftillg vehicle enters at a nnlt.h steel>or angle and wl)u]d pass Ihr(iugh

a conic ])erigee lltll(.h (.|<is01" to the t)ian(.t's t't'ntiT. Ollc't' the vehicle passes the

])oilil <if lllaXillllllll dece]eraliiin il would skip Ollt (if the alin()stihere if lhc L.'D

were h(.ld constant. C_'misequ(.ntly. hi order t<) aw)id this skip and emnl)lcie enlrv

Oil the first l)as_, L D Iliust lit, i'('dlit't'd esscnlhtll.v l<) (I, all(| in SOllle eas(.s 1o siilail

liemlt_,< ire vahies, sh(irtl 3" after experienehl7 inaxhnuin dt.eeh,rali(-)i`i (a nililheniali-

('ill dt'nlonslrali()ii (if this ha'; l)0ei`i giveli It\" IAq.;s, II._I',TWIC,, nn(] ('()ill;N in I")),
A reducti(m Jn I, D can 1)(, aocmnt)lisii(.d eii]it,r 1,iv re(hlcht 7 llle arig]e (if allack _z

of it ]ifiilig Slll'f_ii'l. if 1it(' vchi(')(' is opcralh)7 in lhv ]l)'a.dra_ l>()rli()n iJf iis di'a_

])_)iar, ()r 1)y hicrl'a_in 7 <l if ()l)0rathi/hi lh(l ]iiTh-dralz p<)rl iiin. Tile taller> (ir higll-i)

dl'a_ l)`i()(](, of rt,_lll,<.hip L D i:_ l)r(.f('ratJlc }>ceau<e it i'('.,,llils hi llltlch }ess a('rod,`i'ih'llll-

le hc;`ilhig, l|ence lhe ro(]licli.)lt in L D hi Fi 7. .1 is repl'escnled hx" ;,ill hwrease

V
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1 On the Corri&w and A_sociated Trajectory Accuracy

in angle of attack of the lifting surface just ft_llowing the poinl of maxinmm

deceh.,ralion. ;\tim' the vehicle has slmved substantially iu this high-drag all itude

of mnall lift-dra_ ratio, it can then begin t- reduce its angle _,f attack, lherel_y

increasing the lift-drag ralio and enlcring into an extended terminal glMe phase,

as represenicd by the last attitudp sketched for the lifling vehicle. By the use of

lif_ in lhis manner the undershoot boundary for entry into certain phmets ean be

lowere(t eonsidcral,ly f,'om thai fiw

no,flitting vehMes, as will be

evident sul,sequenily.

In addition to the eapabiliiy of

lowering the unde-rsho_Jt boundary

of the corridor, the judici(ms use of

aerodynamic lift can also raise the

overshoot lmundary. In ibis ea._e,

however, lhc divc('t iota of al)plicatiml

of the lift f(wee with respect to the

planet's ecntcr must 1)e invt'rtcd.

This is illustrated I)y the sketches in

Fig. 5. The three trajeet,wies shown

arc intended to represent t hose of the

overshoot boundary in each case.

At oversho,,_t aerodynanfic flwees are

" OVEPSHOOT CONIC_ERIGEE / ¢_

y. ,7-_)_:_._., ,A-:__.2:_A,_

i :!:

Fig. 5. I/aising lhc overshoot boundary by mpans_ of

llOgllt ix,'_ m,rodynam_e lift or drag device

relatively small and the actual

trajectory will pass only a small distance l)ehm" the emile perigee point, as

illustrated hy each of the three trajectories in Fig. 5. The n, mlifting, projectilelike

configuration has the loxvest perigee altitude of the three. If this nmfiifting

vehicle aimed at a (._)nic perigee

Mt it ude which was slightly higher

than that of the overshoot

boundary, the vehicle would

pa_ through an outer edge of

atmosphere, exit from the atmos-

phere, orbit, and then have to

make a return pass in order to

eomph'te entry. If the w'hicle

aimed at any perigee altitude
h)wer than t'hat for overshoot,

entry wouhl t)e eonH)leted ml the

first pa_s. A vehMe with nero-

dynamic lift can aim at a higher

4- OVERSHOOT

3-

](%_1
90KM

z - CCRfi,OOR-
FOR EARTH

->0 , , 60

0 ....
2 0 _t

• / UNDERSHOOT _ I

i t

"CONSTANT" l I

L ] O i/_

/ VtI_IABLE L/0

/I_iTH C 0 COINSTAhlT

i t

iI II

ir¢

z z

4 6 I0 12

LOG PERIGEE PARAMETER, kOGlo Fp

Fig. 6. l.:frcet of lift-drag ratio oil paral)olie entry corridor

conic perigee altit ude, a_; illust,'a-

ted by the middle trajectory in Fig. 5 and still complete entry in a single pass,

provid('d the acre)dynamic lift is directed tmvard the l)lanet's (.enter (negative

lift). This upward extension of the overshoot boundary through the application

of negative lift is not really large, however, t)eeause there is not much atnmsphere

at the highcr altitudes t,, work with in deflecting the vehicle's path. As we will

st,(. later, the oversh(,(,t 1)<)undary can I)e extended upward to a eonsideral)ly

greater degree hy the u_e of a light, high-drag device, than by the use of negative

aerodynamic lift. This is indicated sehentatically by the outer trajectory in Fi,_. 5.

Tiw drag (h,viee may l)e t h<,ught (,f as consist i)tg ()f met:dlie eh)th fal)rieal ed fi'om

very thin threads (,f a high-temperatt, re all()3", and as 1)eing del)loyed over as

large an area normal to the direeti(m of llight as is prat.lieal. In this way the drag

P
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ellule enemmlers a suffieienI mass of air to complete eniry ill a shlg]e pass even

(hmlgh it aim,: at a mm.h higher rcmie llerigce ahitude than the other vehicles.

The irend_ ant iripat ed fi'mn i hc f_wegoing physical ean_iderati_m,_ are illust ra-

ted by tile eurves represrnting (_verslm,_t'and und_q'_h¢_t .n a id_t of the dimen-

sionless lift.drag parameter '_(t3r)_ 'L'I/ ver_u._ the perigee parameter logt0F .

as pre_enl(,d in Fig. 6. The solid mJdersl._o! boundary eorre_llOndS to eonslant

LiD only up i o ma ximu m deceh.ral i_,n. and I he dot led hmmda ry (discussed later).

cotter.ponds ioa variahh, L_D _i|h ih(" !nil!a] L'D al enlry equal Io lhat l)loited

as tile ordinate. S:,im.c the drag e(wft]ci('nt usually ix r(,ferred to a fixed refl'renee

area eta fixed mass, it fi,]l.ws fr.m eq. (7) that lhc (,orrid(lr width ill such cases is

This e(luati_m sh.ws thai, f_w any given value of \'(jri¢ IL/D, ill(' c()rridor

width ix pi-(_l.wli,,nal t(, lhe spacing helx_e('n Ill(' oversh()()I and undershoot

boundaries in Fig. 6, provid(.(l C o is the same at these t_vo boundaries. The refer-

ence arrows indicate what would 1)e a .q(b km enrri(hw for the earth's almosphere.

The undershoot b(mndary in ibis i;a,'ti('ular 1)lol represents G ..... --lO and the

inilial vehwity represents paraholie enlry. As is evident from lhi-_ figure, the

eorridcw width for lifting vehM(.s ix (.on_idcwallly llroader than for nonlifting ones

having the same C.. For the earth's a|lllost)here tit(' corridor width would be

10 km f-r all n(mlifting vehich.s, irrespective of tile value .f m,'(?..-I (as h,ng as it

is the san,e at un(lcrsho(_l and ovorsh()t)t). The llse of negative lift to extend the

overslmot bmmdary lox_ ard _maller values of F, (c,wre._lmn(ling to smaller dens!-

lies and higher altitudes) br.ad(,ns tilt" earth's corrid(.' lty only ab.ut ")it kin. The

use of positive lift to exlen(1 the undershot_t t)oun(lary to higher values of Y is

seen to he a|tout three Lilac. _, as cffertive, resulting in an extension of ahout 60 k'nl

for the undershoot limit. The tolal corridor width, with positive lift used to extend

downward the undershoot boundary, and negative lift to extend upward the

ovel's|luoI btnlndarj, is seen to be a maximum of ahout 90 km at _,/(-fl-r-)_ IL/D

of al)out 2. The corridor for _."(f_r)@ IL/D 1 is almost as wide as the maximum

width, and for \/(flr)_ "LID' .- 0.5 is at)()ut 2/3 as wide as the maximum width.

It is emphasized that the varialio_l in spacing between the corridor I)oundaries

with varying Lil) in Fig. 6 i_ represenlative of the, actual variation in corridor

width only if ('_, is the same for all LID's. The eorri(hw width, according to

eq. (8), really depends on the difference in log F[Co fl_r vehicles of fixed m and

A. "With an-,." aerodynamie device ("1) is always eouple(t to L/D; large LID's in

h.vpersonie Xewt_mian tlmv. for example, are obtained (rely with slen(ter configu-

rations having small ('t,. whereas ]artzc C,'s are obtained with blunt configu-

rations having small LtD. If tile aerodynamic coupling between Li'D and C o is

taken as !hat corre_pmuting t,i lifting surfaces wherein both L,'D and C o arc

changed hy varying the angle of attack, then the actual overshoot extension

attains a maxinmm at L'D's of abmlt --0.5, and am(rants to al)out l0 km fin'

Earth. This is one half of tile ('xlensitm possible if C_, could be mainlained the

same for LID --2 as f,w L,D O.

Exlending (_v(,rsh,,_t l_5- applying negative lift is less eff(.etive than increasing

drag. By l_e('pin_ L D O, f.w exanlph', a.d (h.ploying a light high-drag deviee,

m/(;_,.4 can l)e ehangt'd by a factor of abrupt l()O0, whi(.h corresponds to an ex_"

tensic, n upward ()f the overshoot I,(tundary lly 3.'i,_y, which is about 50 knl for

the earth's atm(,Sl,here. This i_ five times the extension possible if negative lift
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were emphkved , and i_ comparalfle to the (_4_km extcn_ic_n in undershoot boundary

provided by posilive lift with eonslan( Li_D and C_.

When the aerodynamic conplin:: lwtween L:'D and (-'_, for lifting sm'faees is

ennsidered, the actual lowering of |he underslmot boundary by use of positive

L/D is somewhat greater than the apparent trend _,f the solid bmmdary in Fig. G

would suggest. At L'D= 2 the 60 km apparent extension would really he about
80 km.

The dotted undershoot boundary in Fig. 6 labeled "variable LID with constant

Cff' repre_enls eniry with an initial LID corresponding to the value plotted, and

wilh lift modulated in a particular fashi_m which keeps both G and Cr, constant

during the nmdulali,m period, in which lhe lift f_wce is reduced to alleviate the

resultant decelerati_,n. This d(,lted curve ._h_wing the gT'eatest apparenl extension

in the un(h','sh_,ot h,mndary with increasing L/D, is based on lhe original analysis

of nmdulated lift given b 5 LEEs, tla_vw_c, and ('tm_:x in [21. It is apt)licahle

only lo the earlh's almosphere. In order to realize thi_ desirahle extension in

mldersho_i, ('_, _v,mld have t_ be maintained subshmlially 'cma_;tant (or decreased)

during the lift m_Mulation period when L,'D is reduced from its initial value at

entry to esscniially zero. If L/D is reduced by increasing the angle of attack of

a, lifting surface operating in the high-drag range of the drag polar, then C_

increases markedly in the process and thereby inerease_ the lmrizontal component

of deceleration mr, re than the decrease in L/D alleviates the transverse component,

so thai no net gain is achieved. If, on the other hand, L/D is reduced by decreasing

a of a lifting surfaee operating in the low-drag portion of the drag polar, then

Cv is reduced moderately, and the apparent extension represented by the dotted

undershoot boundary can be fully realized. A complication arises, however.

Sizable ext_nsimas in corridor width _ver that f,w constant L.'D are possible only

with relatively large LiD which have small C_, and, for the low-drag portion of

a polar, result in a large heating penalty. The aerodynamic heating can be one to

two orders of magnitude greater under these conditions than for operation

in the high-drag portion with a small, constant LtD.

Aerodynamic Heating

It is unfortunate that vehicles cannot be designed with large lift-drag ratios

(the order of 4, say) and simultaneously large drag coefficients. I, arge L/D is

desirable in order to maximize the entry corridor width and large C_ is desirable

in order to minimize the aerodynamic heating. As a lifting vehicle changes its

attitude within the high-drag regime from essentially normal entry with L/D= 0

and maximum C D (as indicated by the configuration sketched in the lower left

portion of Fig. 7), through progressively smaller angles of attack produeing higher

lift-drag ratios, the effective slenderness of the configuration necessarily changes,

and Cv decreases. Since laminar convective heating varies as Co -°-5, and turbulent

convective heating as CS °.s (see [3] and [I], for example), a reduction in Cv

brought about by the use of larger LID ratios would result in an increase in

aerodynamic heating for both types of convection. This is illustrated by the two

curves in Fig. 7 whieh represent heating fl)r lifting surfaces. These curves are

normalized with respect to the amount of heating for the maximum drag attitude

at L/D -O. Depending on the relative amount of laminar and turbulent flow, a

slender vehicle designed to produce L/D-3, for example, would have between

about 6 and 16 times as severe a heating problem as a blunt vehicle designed to

produce no lift. In any practical ease the beneficial effect of employing lifting
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vehicles to broaden the entry corridor would have to l>e tempered by its adverse

effect on aerodynamic heating. F-r L/D's of 0.5 to l, this penalty does not appear

to be too severe, and within this range the t :-ade.off bet ween a broadened corridor

and a more severe heating problem wouhl favor the lifting vehicle over the non.

lifting one. For larger LID's the trade-off is much more difficult to assess.

"W'"° /

. o-0/ /

2 Q ~ .._.L

i__

Fig, 7. Increa.qe in convective heating with increa,qing LID

In discussing the aero-

dynamic heating problem asso-

ciated with the entry corridor,
a distinction must be made

between the total heat absorbed

during entry and the rate at
which it, is absorbed. For an

ab]ation-tupe heat shield, the

tot al heat absorbed is of principal

importance, but for a radiation-

cooled vehicle, the maximum

rate of heating i_ important. The

type of heating problem which

exists at the overshoot boundary

is different from that at the

undershoot boundary, as may

be deduced from a general relationship between aerodynamic heating and

deceleration discussed in Ill. This qualitative relationship for the maximum rate

of laminar heating states that

(del
d t l ,,,_ "_*

and, for the total laminar heat absorbed, that

In view of this relationship we see that the total heat absorbed will be nmch less

at. the undershoot boundary where the deceleration is large than at the overshoot

boundary where it is small. A typical variation within the earth-atmosphere

corridor is that the decelerations are about nine times as large at the 10-O under-

shoot boundary as at, overshoot, so that the total laminar heat absorbed at this

undershoot boundary is about one third of that at overshoot. The maximum

heating rates, however, follow an opposite relationship. They are largest at under-
shoot where decelerations arcmaximum, and smallest at overshoot where deceler-

ations are minimum. A study of the approximate numerical values involved

[1] indicates the situation to be about as follows : At undershoot where the heating

rate is relatively large, pure radiation cooling for parabolic entry into the earth's

atmosphere is currently impractical, but the total heat absorbed is within practi-

cal bounds of present heat absorpt ion techniques. At overshoot, on the other hand,

where the heating rate is relatively small, pure radiation cooling is practical, but
the total heat absorhed is about three times that at undershoot. For efficient

heat protection of spacecraft, therefore, it is desirable to develop versatile shields

which can radiate efficiently if the vehicle happens to enter near overshoot,

ablate efficiently if it enters near undershoot, and blend these functions efficiently

if it enters anywhere in between.
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Guidance Requirements

In order to provide a visual picture of the_vide x'ariation in entry corridors of
different planets in the solar system, and of the corresponding wide variation in
galidancc requiremcnts, the sk,tche.'_ in Figs. 8 and 9 have been prepared. These
sketches are apprc)ximately to scale showing each entry corridor in proper pro-
portion to the dianletcr of its parent planet (or parent celestial satellite in the
case of Titan). The corridors for Earth and Venus arc sufficiently similar that they
have been represented 1)y a single sketch in Fig. 8. The actual width of the corridor

for the particular condition._ considered (IZ_=l.4, Groom=20, and IL/D[=I)
varies from about 170 km at. r]ro_l to about 400 km at r/r0=4. This corridor

k. :;_.;[.,... .t.,° .0

Fig. 8. Parabolic entry corridors for Earth, Fig. 9. Parabolic entry corridors for Jupiter
"Venu_,and Mars; O,_a_= 20 and Titan; G_°_= 20

appears to be neither impractically narrow nor plea._ingly broad. It is much
narrower, though, than the corresponding e_rridor for 3[_rs, also shown in Fig. 8.
The Mars corridor would not be expected to impose a really severe guidance
problem. For such broad corridors, the entry angle at undershoot is sufficiently
steep (47 ° for Mars) that aerodynamic lift is not effective in broadening the corri-
dor; hence LID is taken as zero for such corridors. Corridor widths calculated for

nonlifting entry into Mars are 340 ](m for G_,,=5, 650 km for G=,,= 10, and
2,000 km for G_o_= 20. These values include an allowance of 130 km for the over-
shoot altitude.

The corresponding parabolic entry corridors for Jupiter and Titan, as sketched
in Fig. 9, illustrate the very wide variations encompassed by different objects
in the solar system. The corridor for Jupiter is so narrow that it is difficult to
illustrate by other than a relatively narrow line. At the opposite extreme, the
corridor for Titan is so broad that it includes all possible trajectories which would

"hit" this satellite. Even direct vertical entry into Titan's atmosphere at V, = V'2-
would result only in G_,_5.

In order to determine the trajectory which passes along the center of an
entry corridor it. would be necessary to make precise three-dimensional orbit
calculations giving full consideration to a number of perturbations, such as those
due to planetary oblateness, the sun, moon, and perhaps other planets. In cal-
culating the small deviations permissible from this desired centerline trajectory,
however, the effects of the perturbations on these deviations will be disregarded,
and the entry guidance tolerances calculated as those of a two-body problem.
This procedure appears reasonable inasmuch as the terminal correction to an

entry approach would presumably be made relatively near the target planet
where the trajectory is mainly in one plane and is essentially a conic trajectory. f
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C,uidancc tolerances, impo_od 1,3" diffcrcnt parabolic entry oorridors oan vary
widely, as iIIu_lrah,d ill Fig. IO. l{oro ille ordinate represents the permis,dhle
deviation itx flight-palh angle 2 17 G.m thal nf lho oenlorline tr@.ch_ry which
biseets the over.shoot aim undershoot I..lndarios at any given distance r/r o.
r.Fhc.qe ealculalion, o,are ba,_cd on the assumt)tic,i that |]lOVe are no errors in veloc-
ity or po._iti.n. The Iilaxillll.litt dceclcrati-n is lakt'n as lit (: for these curves.
As would be expected, the more distant a spaeeerafl is From lho planet, the more
severe tile requirement is f-r aligning a trajcc.t_ry to pas._ through the enlry oorri-
dor..4,t distances close t<_the planel lho required aoeuraoy ol_ ! . I;., is Ioasl, but
lilt' fttcl which Wollld. have t- be expended in oinking eorreeli_,ns <,h,so t- lhc planet

t23Y

leo OVEi_SH OO1 ._/'_ '"

"'i--_ _ WILLIAM TELL

.OOI-_- J
I I0 ]00

D!STANCE r/r O

Fil2. Ill. Cuidm_ce rm-tuirom,,n_< m_ fii_hl }ruth mL_l,'
fl,r ,i-Itric, tls parah(_li(! cEll ry oovrith)rs ((lma z _- It 0

i_ mu('h lai'gor than at distam,e,_

Far removed [i'(lill tit<, planet +
th'n(,o, the host l>laoo l,, nlnl.:c
such {.<wro(.liOll< would I>(, ill S(illle

inh*rnicdi;llo (lisianco. The I'anTe
]-_.r/r,--'lll() (,(iveri,d in Fi X, 11)
wf.l|d s(.Olil It) OliO(_llli)ass lhe l',qitge

of practioal inlerost.
For p',n'llnses; (If oolllpal'iSOll,

t hree tcc}lll( ill L_ieal guidance re<luire-
moots on k I?,(which a]soareeal-
culated under the assuli/ption that
there are no errors in vel.city) are
sh(iwn in Fig. 10 just It) the right ()f
lhe ri,",l lt)0 line. Tilt'so eorre-

st>end to typical rcquirenlonts f(,r _lrhiting nil (.'/rib .;at(,llitc, for hittin/ the lit(lOll
frolll the earth, all(t for aiignillg the aziiltlltlla] aliglc of" all I('P.._I 1<>achieve a miss

distance of 1/5000 t,f lho range. As would he expected, the requiremel'tls (m
._17, to enter the oorri<lor .f Titan are n-t very severe, mid are even niuch less

severe than the comparison gnidanoe roquiromenl ,,n _!_.17 riO al>proximalcly
'2° to ejeol a satellite inhl orbit around tile earlh. The corresp<,nding requironlents
for Mars are seoii to l)e considerably loss severe lhall lhe conlparisflil rerlllironlelii

(if ah(lut __.0.2,5 _ for hitting the lllcion fl'(llil lit(' earth (see [4]). Tilt' eorresp(nl(lin]

i'eqnirements f,,r "fli'O]lllSand Earth are soon to he sonlewhat loss severe thall the
eomparisori I('BM roq'uireineltt.

It is to be noted lhai tile apIIraximaie requiremenls nn -_:,| 7, discu_sed-ah.ve
are hased on the um'ealistie as<_tnnption thal no errors in vel.city exist. When
sflnultaneous veloeily and p.silion errors are con,ddored, the practical require-
menls on :.E, I?, f.r guiding a vehicle thrmlgh an entry corridor would tie several
limes as severe <astho_o illustrated in Fig. Ill. Sinoo the earri<tor widths are speci-
fied in terms of the diffcrenee in conic perigee altit.th'r,, it is an easy Inatter to
compute the appr(>xinlat0 pormissit)lo errors in velocity and position, as well as
in flight path anglo, fr<lill the well-known Nowt.nian eqllaticms Eir lwo-h.dy
orbits. It may suffice hm-e, perhaps, to observe thai the study of vel_)oity l(>ler.
anees in reference 1 for paraholic entry into the e.rridor of Earth tit" Venus
indicates ±zJ I'iV (for no error in 7) t. be ahout 0.0(_3. which is a less severe
requirement than the oorrespon<ting velocity tolerance of 0.001 for ]litting the
moon from the earth [4].

For further enmpari,:on purposes, three n(mteohnr,logioal, but equally illumi-
nating guidance requirements on ._:..,| ;., are inehvlod ill the right-hand portion <if
Fig. 10. These may serve tn place the corresponding technol.gioal requirements
in more balanced per._peelive. Thus, entry into the corridor of Mars requires

1,,
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On lhe Corridor and Ass_wlaled Trajectory A.cmwaey

alH,ut ihc same guidance accuracy as that with which a skilled man can ihrow

a ball, as exemplified hy the accuracy required of a baseball pildwr lo pitch a

slvike; cnlr 3' int_, the c_rrid,ws ,,f Vcnu_ a_,d Favth require al,ml the same accu-

racy a_, required of William Tell t,_ hit an apph, at 20 paces. To enter the c_wri&w

of atq,iter requires an accuracy almost an order of magnitmh' grealcr than rc-

(luire([ 1o hit the 1,ull's eve of a rifle target ( ! 1 minute t,f arc), which is achieved

cssemialh" ln0 percent of the lime 1,3" skilled in<lividuals altlmugh under rcla-

lively comfo,'tahh, and favorable eondition_.

The m__sq imporlanl difference lu,twee,l these "varicms ledmoh;gieal, non-

tvchn_,lo_zieal, and enlr'y-cca'rid,,, requirements probahl.v lies not so much in the

numerical diffi'retwe hct_een requirements, hut in the difft, rcnce in reliability

with which the individual guidance re<tuirvmenls must l,c ohlaine<l. The erm';e-

qucnces ,_f failin.,.z t,, aehivvv tim _uidance requirement,_ a,_,meiaicd with i_njevling

a sa|cllite inl_, _wlfit, hiitiug the nn-_ml, scoring a ril]e target Imtl's-eyc cw pii thing

a ha-_(,Iml] sirike, may lw ]m more s_eveve lhan lhat of bad puhliei|y, but the
eonsecluenecs uf failin,_ 1,, achieve the guidance requirements as_oeiatvd with the

Oll|rv cm']'id_w fi,v manned Slmeceraft cmlld vvsull in a catastrophe, as could

have resulted if William Tell had faih'd t_ achieve his guidance requirements.

]n .,q, dl light tim reliahility wilh which the guidance requirements on flight-path

an,_,h' must be ohlained may imlm._e perhal)s the nmst ehallcnging teehnological

pr, A_lem.
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The Supersol ic Blunt-13odv Prol len  Revic\v
and Exten'sion

SUMMARY

A survey of existing analytic_d treatments of the supersonic or

hypersonic blunt-beady pr.1)leul indicates that noue is adequate

f-r predicting the details of the flow fiehl. Rea-;ons are given for
the failure of various plausilfle approximations. A numerical

method, which is slmph.r than others proposed, is set forth for

s-h'ing the full inviscid equations using a medium-sized electronic

coml)uter. Results arc S|lOWlt from a number of sohai, ms f,,r

be*dies that .,_q_¢,rt detached sll**ek waves described by conic
_' t•| i rills. . " I ,

• - _YMJ¢OLS

/J = l)hlllltless of COllie 5ee|_ -: [see Eq. (1)l

C = I--B,

". .... C_, _ Ttro_._nfe c_,_ffieimat J,',_0wed to free-stream condi-

MILTON D. VAN DYKE*

_'/m,,,¢ ,tcronaM/ca/ T,aborah,;_, 2\',:lC,'l

mainly analytical, though within the last 3"car elec-

tronic computers have been brought to be_.

The present paper aims, first, to evaluate the nIass

of existing analytical treatments and, second, to put

forth a new and relatively simple numerical procedure.'["

The survey will show that existing analytical methods

are generally inadequate for predicting the details of

flow near a bhmt nose. With the numerical method,

accurate solutions have been carried out f.r members

of a oue-parameter family of plane and axisymmetric

bodies.

fri :tream Maeh Number

pressure referred to pc_Tm _1

nose radius

coordinate nornlal to free stream

components of velocity in _, 17directions

veb,city vect-r referred to free-stream speed
_,co_,r,tiaate in free-_tream directi,,n

adiabatic exponent

(_ - J)l(_ + I)

stand_'ff di_t, ance.%f hock fr.m body nose

orthogmml eurvilini..ar eo-rdinates [see Eq. (2)]

rllesh widths in nttmerical c_mputation
0 for plane flmv. 1 for axisymnmtric flow

density referred to free-stream value
stream function

modified stream function [see Eq. (11)1
polar angle
Wdtle on shock wave

value on body
free-stream value

value at stagnation point

• ] -- '-_
,1! - =

p =
R

r

1l, U

P =

T =

if =
,5 =

//,,_ =
,5/5 An =
p

p

to

0 =

(), =
( )_ =

()® =

( ),_ =

INTRODUCTION

IIOTOGRAPIIS of the detached shock wave that forms
ahead of a biunt body in supersonic flight show a

beautiful si::E.,_<qty .th:tt has in the last decade lured a

nunIber of aerodynamicists into trying to predict its

,-:sbape.._ecently there have arisen more urgent rea-

" s'::ms forfinding the complete flow field (particularly in

hypersonic flow), and a considerable fraction of the

theoretical aerodynamicists in the United States,

I_ngland, and (apparently) Russia have become in-

volved with the problem. The attacks have been

Presented at the lfypersmfic Aerodynamics Sesslnn, Twenty-
Sixth Annual Meeting, IAS, New Vork, Jammry 27-30, 1958.

Revi,;ed a,_1 :,:o:i,._cd. AT.rit 22, 1958.

* Aer-_autica_ .Rese_.,t.eh ,'ex-ientist.

Reprinted from I. Aerospace Sci.

2___5,485-496 (1958) By Permission

(1) REVIEW OF EXISTING ANALYTICAL SOLUTIONS

Existing analytical attacks on the supersonic bhmt-

body problem fall mainly into four categories: (1)

Potential flow approxilnations. *-" (:2) Taylor series

expansions from shock3 -l_ (3) Incompressible ap-

proximations. *-_-*s (4) Newtonian approximati,_,n aud

inIprovemen t s thereon. _--_

The only other noteworthy approach is that of ex-

plosion and similarity solutions-"*, _ which gives the

asyniptotic flow field downstream on a slender bhmt-

nosed body. This elegant and useful theory is not in-

tended to treat the vicinity of the nose alld will, accord-

ingly, not be considered here. The four methods listed

above will now be discussed in succession, drawing

where necessary on the accurate numerical solutions

described in section (2) as a standard of comparison.

Other numerical methods 2s-a"- will be discussed in

section (3).

(1.1) Potential Flow Approximations

The oldest attack on the blunt-body problem con-

sists in attempting somehow to relate the actual flow

behind the detached shock wave to the subsonic (often

incompressible) potential flow past the same body.

The standoff distance for spheres in air (3' = 7,,"5) pre-

dicted by several such theories is compared in Fig. 1

with the results of the numerical solutions described

later. The standoff distance is a convenient test be-

cause it is easily measured from schlieren phot,_graphs

and should bc given aecttrately by an_, theory that is

to predict other more important properties of the flow

field. Moreover, its prediction is actually the main

objective of most of these approximations.

Another survey of the bhmt-body problem in the special case

of hypersonic flow will appear in the monograph Ilypersonic Flow

Theory by Wallace D. Hayes and Ronald F. Probstein, to be
published s_m.
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I0 F,I _ NUMERICAL

'?''\  O OT,O I __

• '!,"\ . % >
\_ \\KAWA_URA -"_'1 " !

', \ \ \-NAGAMATSU% 3 'C',"',X <REF2>
\\ \ _ .LAITONE-PARDEE

x x

\

1_ . 1....... A __J. _L__I. 1. 1__1

I 2 3 4 .5 6 78910

M

I;'!C. l. Pult'llli;ll fl,>w al)lmlxhn;ili(,li, f,_r ,.landHff (li-tallCe rlf
sll,_ck [i,,In sl)lwrc uhh -. = 7!R

]'lie accuracy is sOell {() be nlediocre, particularly in

hypersonic flow (and is still worst for plane flow).

Closest agreement is given by the theory of Kawanmra, s

who makes a straightforward match of streamline

slopes behhld the vertex of tile shock wave with those

of the inconlpressible potenticfl flow. I[is results have

been reproduced by tIeybeyl who also attempts to esti-

mate a correction for compressibility, llowever, it

will be seen in section (1.3) that vtuticity rather than

compressibility is the chief factor neglected ;.it high

Mach Nunibers and that Heybey's estimate of the com-

pressibility effect is too large, hi any case, these
theories are of no value for predicting such quantities

as surface presstlres (which by assumption have the

form corresponding to incompressible poteittial few).

(1.2) Taylor Series Expansion From Shock

If the form of a detached shock wave is known or

assumed, the flow variables (pressure, density, velocity)

just behind it are given by the oblique shock relations,

and their first derivatives can be found by substituting

into the equations of motion. Higher derivatives can

be found by first differentiating tile equations of motion.

Accordivg to the Cauchy-Kowalewski theorem (see, e.g.,

reference aa) the flow fiel.l is analytic somewhat down-

stream of the shock wave, and there is physically no

reason to doubt that the region of analyticlty extends

to tile body. One nmy therefore attempt to represent

the flow layer between the shock and body by a few

terms of a Taylor series expansion starting from the

shock wave. This idea, introduced by l.in and P, ubi-

nov) has been apl)lied to plane, s axisynnnetric, _. 7. ,0. i1
and 0]ree-dimensionaP flows.

The expansion has been pursued fllrthest by

Cabannes for axisymmetrie flow. Taking the shock

wave to be described in Cartesian coordinates by x =

tional terms in the special case 31 = 2 (reference l l).

The variation (,f Stokes' Shcaul function al()lig tile axis

()f rev(iluli,)n behind a parab()h)idal sh(ick wave is coin-

pared in Fig. 2(a) with the accurate numerical s()hltioii.

Successive terms of the. Taylor series are seen to

meander with no clear indicati(m ()f either convergence

or divergence.

The expansion procedure can be Siml)lified by intro-

ducing the natural cuta-ilinear coordinates associated

with the sh<)ck wave paral)olic coordilmtes for a parab-

oh)idal sh()dk wave, etc. The Taylor series have then

the advantage of being not (hiul)le but only single ex-

pansions (ill the coordiuate le:iding away from the

sh(tck). It may also be anticil_ated that the conver-

gence lmG_c.l lies of the scrie_ will show tip more clearly
in the ll'thiral coordil,ates. It is easy to recast Ca-

bannes' series in parabolic coordinates. The result

150 F',.
I N_.. r .,_ SHOCK

• -.... !,if WAVE

q, _x, ,.
r-_ _ "2 TERMS

o --w,: ,

","NUMERICAL

i = _7 I

-'5Oo .10 ,20 .30
X

(a) Cartesian coordinates.

,or,,,, ,.."-,,/4.
\

'_Nt'-- 6 TERMS

r

5
\

%7

I ! I

L _:_ : 2a,,r", he gives tile coefficients in the double Taylor -.50g .,o ,_o .3o
T series for the various flow variables out to .r _ .v_r"- r4 '-'0

(and of Stokes' stream function t().v _, v'r "_, . .. )for (b) Parabolic coordinates.

]l 7 = 7/5 and gent'ral free-streani Mach Number .1[ v

L f " - . Fie,... Variation (,f stream fliilc'li()ll ai,ulg axis behind para-

(re erence 10), and tile streanl fullctlon to tWO addi- t)<,h,id'd qn,ck w'tve 'it II = ') will, -,. = 715
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,._e_,I;.,mlmgI,,Fig. _(a) isshown it|FiE.

:, :_ n,,w ch.ar lhat at the nose of the body

! .h, l,r,_b.lhh" source of the divergence has been sug-

v..'_'t iu reference 31. The Tayl_r series expausiou
:.'¢,,td_ts n,,t _mly the flmv downstrealu of the shock

-.,.,vc 1,ut :tls_ its analytical eonti||uati_u| upstream.

_,_m,ticated in Fig. 3, this fictitious flow will contain

;, h:mting li||cwhich iutersects the axis :it the sonic

i.,mt and in the sttpersmfie region is the envelope of
,,,:T,:,,ing ch.mtcteristics. (Such a line exists also in the

w_ll ku,,wn Tayl.r-McCedl flow past a circular cone;

II'; l,_c.di,,u is, in fact, tabulated 1)5" Kopa]. '_) The

9,,w v._ri:thlcs are ntmanalyiic at the limiting line where

_L,.-v v,irv ;if h:tlf powers of the distance. ]Icnce if the

-h,,ek w, ve is cl,_ser to the lin|iting line than to the

1, ..Ix'. the Tayl,w series will not inclu(te the body in its

: _ !i,i_ ,,f o,nvcrgence. This suggestion has been veri-

fied by running the numerical procedure backward to

calculate the fictitious flow in the example of Fig. 2.

_),_ the axis, the limiting lille was found to lie only
three-fourths as far from the shock wave as does the

l_._y llnse.

"Ihe siluationiscomparably bad forothershapes and

.Mach Numbers and worse away front the axis or in

t,Lme fl,,w. IIence the method of Tayhw series expan-

s_,qlir,,m tile shock wave cannot be expected to sue-
ceed. Nevertheless, the first three terms of the series

(in natural coordinates) can serve as a useful qualitative

m,,dcl in the case of axisymmetrie flow. '_4 For a parab-

,,l,idal shock wave at J[ = co (and 3' = 7/'5) the

m,,dcl predicts the ratio of standoff distance to body

p,,_e radius correct to within 0.S per cent, so that it

may als,, have some quantitative value. However, it

deteri,,rates away from the axis an(1 does not predict a

rt al b,,ly out to the sonic point.

IC BT, I_NT

2(I 0, and
the series

(l.J) Incompressible Approximatlon

At high supersonic Maeh Numbers the density varies

-nly slightly between the shock wave and the body in
the vicinity of the stagnation point. It therefore seems

appropriate to solve the equations of rotational incom-

pressible fl,m" together with the exact conditions just

bchind the shock wave. Thus Lighthill la has obtained

the solution in closed form for the special case of a

sl'herical shock wave at infinite Math Number (that

is, in the "strong shock" approximation), the body

bring f, mnd as a concentric sphere. Similarly, Whit-

ham |' and t!aycs Is have shown that in plane flow a

circular shock leads to a concentric circular body.

T,) assess this approximation, numerical solutions

h._','e t)t:(:n carried out for a spherical and a circular

,h,wk wave in a stream of infinite Maeh Nun|ber (all

s,,luti,ms for 31 = oo were actually carried out at 31 =

!_Ug_'}) with _, = 7/'5. In axisymmctric flow the re-

_t,lling b,,dy shape, shown in Fig. -t(a), lies close to the

_;,ht.re .f the it_compressibte approxinmtion out

r,q,_:hly halfway t,, the sonic point. In plane flow, as

,ni_,ht be expected, the agreement is prmrer (though it

- B () I) V P P, O E I. l,_ M

would improve in either case as 3' --,- 1). The I)ody is

roughly the fr_mt portion of a -I:I ellipse sta||ding an
end rather than a circle.

For the flmv near the axis, these results were given

earlier by I[i(ta. _-_ l{is analysis is more gene,'al in that

all supersonic Mach Ntllllbers are eonsi(lered. Fig.
-I(b) shows that his results for standc_ff distance are

fairly accurate through,ut the Mach Number range,

the remaining discrepancy being presumably a/:tribut-

al)le to compressibility. Thus at infinite Mach Num-

ber the approximation of irrotalional incompressible

flow '_' _ gives 0.09-t as the standoff (tistance for a sphere

in air; the increment due to rotation is 0.026 according

to the llida-Lighthill the_,ry' an(l the remaining differ-
once of O.OOX from the xxdue 0.12>; of the numerical

solution nmsi represent the effect of compressibility.

0Ieybcy's estimate of the compressibility effecO is

0.02t in this case.) It might be passible to include

compressibility by iteration in the style of the Janzen-

Rayleigh approximation for subsonic flow. If so, this

would seem the most promising of the analytic theories.

(1.4) Newtouian Approximation aud Improvements
Thereon

In simple Newtonian theory, fluid particles are im-

agined to lose their normal con|ponent of momentum

upon striking the surface of the body. The local pres-

sure coefficient is then given by 2 sin -_0, where 0 is the

angle that the surface makes with tile streain direction.

I.ees a_has proposed a modified Newtonlan theory which

consists merely in sealing down this result so as to be

exact at the stagnation point where the correct value is

known, tie suggests that because of compensating

effects, this will be more accurate than the shock-layer

or "Newtonian-plus-centrifugal" approximation _, _;
which is the actual limit of the solution for M --+ _ and

?--+ 1.

The surface pressures on a sphere and circular cylin-

der at :t[ = co with 3" = 7/5 according to these three

apprcximations are compared in Fig. 5 with numerical
solutions. The modified Newtonian result is seen to

fall either above or below the accurate solution, depend-

ing on Mach Number and body shape, but to be re-

markably accurate when 3" = 7/5.
Chester 2a and Freeman -_ have taken the shock-

layer or Newtonian-plus-eentrifugal solution as a first

step and sought to improve it systematically by suc-

cessive approximations. The result is a double series

expansion of the flow quantities for sinaR'a = (v - 1)--
(3" + 1) and M -_ (a single series expansion in the work

of Freenmn, who considers only the "strong shock"

case, corresponding to M = _).
Unfortunately, the series appears to converge slowly

for practical values of % and worse in axisymmetrie

than plane flow. This is illustrated iu Fig. 13 for the

standoff distance in Chester's example of a parabo-

Ioidal shock wave. By appeal to the nm(tel mentioned

at the end of section (1.2), the present writer has sug-

gested a_ that Chester's series actually converges fi,r

3" > 2.2 (corresponding to 8 < 3,"S), where.as for real
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(b) Sphere.

Surface pressure (listril)utions at .1[ = ce. Y = 7/5.
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by { = 0 (Fig. 7). Special cases are

x'R = (1 2)(1 + {"-- ¢->), forparat)i,la (B, : 0)

.v'R - i - X/'l -U,l, for eirclc (B, = 1)

l'¢tr vlNpses, F.q. (2) gives Olily fix" h'fl l:lii" wlfieh is the

part that ilia)" forln a shock wave. Tl:e riglll hall" of

tim ellipse is obtahled by taking a phlg, hlMcad (if a

IllillllS sigll ahead of the radical ill F.q. (2).

In this coordhiate s)'s{ein tl,e line elelileilt is givell t)y

ds" = ht'd_ _"+ h.., dw + v.:..cd¢" (3a)

where v :-- 0 for plane flow and v = 1 for axisymmetrlc

flow, so lhat the last term 0nvolving lhe azimuflml

angle ¢) Llppears only in the latter case, and

h,-" = (CC- + _),'(l - B,_,'),

h.2 = (CC- + ,?)."(C + B,w"), h;- = _-%, (3b)

where C_ 1 -- B,.

I;ases T does not exceed 1.67; but it is clearly nut llseftll

fq_i"3 above I.I. In the same note ii was shown how,

hy omlpari_on with lhe nlo(h:l, lhe eOllVergellee Of

Chester's series for the staildo[t" distance call appar-

t'ntly be accelerated. Thus at _t = I,[167 in the ex-

;llllple ()f Fig. (;, five let'illS of the ln_ldil]ed seiqes give
ARt, = 0.19_, which differs froill Ihe ,qCetlrLlte iltlineri-

Cal reSlllt liy only -I per cent. The convergeilee _lf the

series is even worse for snrface pressure, a:'d there no
useful |l|odificati,q|| has been f(;uud.

(2.2) Equations oJ Motion

Let i" be the velocity referred to the free-stream

speed l'=, p the density referred to its free-stream value

p=, and p the pressure referred to p= 1% -_. Then the

(2) DESCRIPTION OF NE'MI.;RICAL ._,IF.'TIIOD

The preceding survey shows that none of the exislhig

aiIMytic trcatnlellts is adequate for c,tlculating the de-
lails of flow near a bhnlt nose. One must turn instcad

to numerical solution (if the hill equations. A rela-

tively silnple nunlerical scheme will be described

which has been programed for a medium+sized elec-

tronic computer.

(2.1) Coordinate System

It is convenient to assume a fanlily of detached shock

waves of known shape. The restllting simplification

more than offsets the disadvantage of having to accept
whatever body shapes result. Another possible objec-

tion will be dealt with in section (3.4). Schlieren t)ictures

show that the shocks produced by siniple shapes such

as spheres, paraboloids, and ellipsoids (or their plane

counterparts) are themselves nearly conic sections.

Accordingly, the present method has been applied to

the family of plane and axisymmetric bodies that

silpport detached shock waves described by conic

sections qlyl)erbola , parabola, prolate ellipse, circle,

or oblate ellipse. It could, however, be extended to

other analytic shock shapes.

hi Cartesian coordinates originating fronl its vertex

(Fig. 7), any conic section is described by

r 2 = 2Rx - Bx"- (1)

IIere R is the nose radius, and B the bluntness, which

is a convenient parameter that characterizes the eccen-

tricity of the conic section. (The I_luntness B is b'/'a"-

for an ellipse but -be'a "-for a hyperbola.) As shown

in Fig. S, the bluntness is zero for a parabola, negative

f-r hyperl)olas, positive for ellipses, and unity for a
circle.

It is advantageous to choose a natural coordinate
systeni that contains the shock wave as one of its sur-

faces. The conventional hyperbolic, parabolic, elliptic,

and polar coordinates are unsatisfactory because their

definillon changes at B = 0 and again at B = 1 whereas

conic sections clearly form a single continuously vary-

ing fzunily. A suitable unified orthogonal system th'tt

covers the entire range is introduced by setting

x = (R.'B,) [1 -- %/(1 _ B._-") (1 -- B, 4- B,r_>)]\
('2)

• = R,% t

"Flit" shock wave of bluntness ]J, is described by _ = l ;

the downstreanl axis by, ,1 = 0; alid tile tlpstreanl axis

ELLIPSE

_'=1

_'=0

r r 2= 2Rx- Bx 2

FIe. 7. Coordinates f,,r conic section.

OBLATE

I PROLA'FE
B=-_- ELLIPSE B=i CIRCLE

lhc,. 8. Conic sections of varying bluntness,
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6.6

6.5 .. _"'E×AGT VALUE AT"_'°
7 STAGNATtON

.0/I POINT

6,4 WITHOUT-. //

P ITERATION ,_ /- o

6.3 / j W,TH_×TE_,A,

6.26. / ITERATION

60 _ ..... J__ _ _1 -- J_ - J * I
1.00 .96 .92 .88 .84 .80 .76 .72

]q(;. 9. Variati(m (,[ density al,mg axis l)ddnd parab,)lic sh.ck
wave at .lI = m, _r= 7/5.

equations of continuity, motion, and energy are, in

vector form,

div(pi") = O, 0(]".grad)_' + grad p = O,

7v'.grad(p'p') = 0 (4)

where 1' is the adiabatic exponent. Transforming

these to the (_, ,/) coordinate system (using Eq, (3), and

dropping the subscript on B, for simplicity) gives

l(_.)" x/(c£" + ,f'-)iX1-/@)pvlo = o

o(.._ - [C_.v'-'(CC-+ n-')] +

x/(c +-B,/'-) ;(1-- ,_) .,,',,,_+

[,_,,'(c_ + ,7:)1]) + ,')_=:0
(s)

p(..,_,_- [w,V(CC + ,?)1 4-

,, 4-
[c_._,'(ct_-+ _?)ll) +/,_ = o

.x/i - PC-(/)'p')_ 4-

vx/C + B,d (p'o_)_ = 0

where u, v arc the components of ]_"in the/_, n directions.

The first (contimfity) equation is satisfied t) 3, intro-

ducing the stream function _I, according to

% = (_,7)_"v;'(c_-_-+,£-)'(c+B,fOo.
(G)[

q,, - -  )o.4
Then the last (energy) equation simply states that

p = o"f(_') (7)

Using this to elimiuate the pressure from the equa-

tions of n|otion gives

%%_ - %q._ - %{%[(p_/p) + (_.'n)] - q. [(p_/p) + (, t)]] - [,d(Ct_ + n_)] {%-" +

[(c + B_)/'(1 - B$2)],I%_1 + [BU(1 - B_-°)],l,_q% +

(t-_,3" [(C_ -_+ n"-)/(l - B_-_)] (vo_f_ + _'+[f'q..) = 0

{[(1 - BC-)/(C + B_-31% _ + q,_} - [B_'(C + B_)]%% +

(_'%3" [(C_ _ + ,?)/(C + #n_)] (roof& + £'+T%) = o

(s)

(2.3) InitiaI Conditions

Values of u, v, p, p just behind the shock wave (at

_/ = 1) are found from the oblique shock relations--

e.g., reference 37---in terms of the slope of the bow

wave, V_l - B(_,"I_. Expressed in terms of the stream

function, these give the initial conditions

p = ('r+ I)M'_(I - B_')/'[2( 1 -t- C_') + !

(v - 1)M_(1 - B$0],

and for the Function f(q')

(9)

f(.) = 2vM-"(I -Bs'-) - (v- 1)(1 + C.,--")x
v(v + 1)3I ? (1 + Cs -_)

[_(_ + C.¢) + (v - ])M_-(_ - B,') l"]-(_ + _),lI_(l - Bs"-)
s' = [(1 + .)_,1-_/¢'+') (]0)

7(2.4) Form of Problem for l_umericai Computation

For numerical work it is advantageous to use (1 + v)qq'( ]+', which is constant oil the shock and elsewhere more

nearly indepeudent of ( than is ,I, and vanishes only on the body rather than also on the axis of symmetry. Itencc set

q'(_, _) = i_'+'/(l + _)1_(_,n) (l])

Then the initial conditions become
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p _- (y + 1)m?( l - B_). [_,(1-t ct,?) -t- (v - 1).lF(I - SJ_)],

.,,,,I thc equations of motion

'.,7 I 2-7Ji-"/ "<'+ ! +,4J p =l +,,L] +,,s/"'_- ,_

,o = 1, % = (1 -t- v)O, at _ = 1 (12)

.. +

• 1+,.n:+ ,,_LC+D_,, + V_;./ + l +,, +/_ + ,)r+'s.,'"C. q:sj,r.L_.7;+ <_+

__,.v-'(_- m-")- !-, - l)(_ + c_-_)l-.2_l-t c.,--_/+(_,7 _)u-_(_- B,-_i]_ = e<_,,+.>,,l,,.rer= ;,_--7-i)./UIi4 C._)---L ......_ -i:iS-._i_--DT-5....J' _

1 + v)\l - B,_% + p/+1 +v_l-

o,+ l+,,/\_+i+-_/+ - <o+ + ...... 0,+ + - -r/ 1 -{- v] C,e-_+ ll" 1 + v/ i 13_?\1 + v/ _]

(_,_,-t-,.s.l_C,__+ '?-\/_-, S"_ _-'__r-_7,)k _ s/_ +v (l:3a)

i +,,/ # I +. ,7 C ,_"- I+,.i l+. 7, a

(13b)

(1 ac)

(2.5) Numerieal hltegration

The initial value problem of Eqs. (12) and (13) has

bven solved numerically by forward integration from

the shock wave (_ = 1) toward smaller wdues of r/.

Ovvr each interval (A_), p and % are extrapolated

linearly. At each new value of il the _-derivatives are
vvaluated by l l-point numerical differentiation. '_s The

procedure may be sumnmrized as follows:

(0) Calculate initial values at r# = 1 from Eq. (12).

(I) Calculate _-derlvatives &. _0,, w_, _0t, by 1 l-point
numerical differentiation.

(2a) Calctllate _ frorn Eq. (13a).

(2b) Calculate <% from Eq. (lab).

(3a) Extrapolate p and % linearly to next snialler
vahie of 71:

(31)) Extrapolate _0using averaged vahle of %:

(-I) Repeat steps (1) to (4) at new value of l_and con-

tinue until w is negative.

After completion of the integration, the accuracy of

/> (and hence of p) carL be greatly increased by recom-

puting it using tile averaged vahle of & over each in-

terval kr/, so that the value after the ruth step is given
by

p<_' =¢"_ -- (AV) [(l,,'2)/Nm) + ,o,/" + &_> +

,,. _.[_p (-,-l) _}_ (1./9)p(.,)] (l-l)

Fig, 9 shows in a typical ease tilt' hnprovement obtained
frOlll this "external iteration."

This procedure has been coded for nlachine comlm-

tiitiml on the IBM 6D0 electronic digital cotnpnte.r with
fl_,ating decinml attachment. For each wdue of rl

the fl,_w quantities are calcuhited at the 20 equally

spaced vahles_ = 0l + 1,'2) (kse),0 < n _< 1O, which

straddle the axis of symmetry ,_ = 0 in order to avoid

the indetvrlninate f_lrnl Pt"_P in Eq. (13). Tile illesh

dimensions A_ and Ar/ are arbitrary (but equal for all

steps). One prescribes the parameters

M = free-stream Mach Number

B, = bhmtness of conic section describing shock

v = 0 for plane, 1 for axisymmetric flow

-/ = adiabatic exponent

A_, All = mesh dimensions

Flow variables (and their n-derivatives) are printed for

each mesh point. The body shape and surface pres-

sures can then be found by interpolation. Machine

computing tinle is ll/, minutes per value of _. It will

be seen that 4 to 8 steps in 7/ yield ample accuracy so

that a typical case requires _ to 10 minutes computing
time.

(2.6) Instability

In the subsonic region the initial value problem is
unstable. This means that small errors (such as arise

from rounding to the S significant figures used) grow

in geometric progression. The instability has been

tested in a typical case by perturbing the initial data,

changing _0 from 1.000 0000 to 1.000 0010 at the point on
the shock wave nearest to the axis (where the equation

is most elliptic and hence most unstable). Fig. 10

shows that in If steps (last step interpolated) from
shock t. br,dy a unit error grows by a factor of 100.

This means that rounding errors of*'I/2 in the last

place can amplify to invalidate no more than ? of the

S significant figures used. Near the stagnation point

the error grows by a factor of about 3 in each step.

(This may be compared with the maximmn factor of

D.S2S-t for Laplace's equation in a semi-infinite
domain, a'_) Ilcnce the error would swamp all S signifi-

cant figures if it were necessary to take as many as 24

steps from ,;hock to body. Fortunately, ninny fewer

steps than even 11 suffice, so that instability is of no

praclical concern.
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An,thor type of instability peculiar to the pzu tic,lar

differentiation scheme used is more serious and. in

practice, limits the &)wnstream exteut ()f flow fieht that

can be calculated. The I I-p()int differentiati, m scheme

uses central differences where Imssihle, but the largest

5 values of _ must use progressively nmre noncentral

schemes. These involve large differences t,f small ram>

bcrs and so produce instability which is more severe in

the hyperbolic than the elliptic region. It even/u:tlly

causes oscillations of flow variables for the highest few

values of _. and stops the computation by pr.duclng

negative vah,es of p. This difl]culty has been alk.vi-

ated by using 7- and ,')-point differentiation schemes at

the highest two values of _. It is to be entirely elimi-

nated by receding the program to use only central-dif-

h.renec schemes, starting with more values of _ and

dropping the highest 5 in each step in ,7.

A second imperfection in the present procedure ap-

pears when the factor {co + [eco_ "(1 + v)]} in Eq. (13)

vanishes, leading to a singularity in co,,. This can hap-

pen only inside the body (for co < 0) but, because of the

instability illustrated in Fig. 10, its effect occasionally

spreads so rapidly as to affect the actual flog' field.

(2.7) Accuracy Comparison With Garabedian-
Lieberstein Method

The accuracy of the numerical method has been

tested both iuternally, by refining the meslt size, and

externally, by comparing with experhnent and with the

numerieal procedure of Garabedian and Lieberstein. _9

The Garabedian-Liebersteln method is like that pro-

posed here in starting from a given analytic shock shape

(and conic sections were actually used) and solving the

inltlal-value problem with electronic comlmters. It

differs in that it avoids the instability in the subsonic

region by conthming the initial data analytically into a

fictitious third dimension where the equation is hyper-

bolic rather than elliptic. The solution is carried out

by the numerical meth.d of characteristics on a num-

ber of planes in the fictitious three-dlmensional space

that intersect the real physical plane along curved

lines. Thanks to known uniqueness proofs for the nu-

merical method of characteristics, the Garabedlan-

Lieberstein method possesses a degree of mathematical

rigor seldom attained in aerodynamic research.

The price paid for eliminating instability is a large

increase in the computing time (and cost) compared

with the present metht,d. Also the solution is arti-

ficially restricted to the subsonic region (though an-

other solution can be carried out for the supersonic

region).

It can be shown that the present pr_eedure converges

as the mesh size is refined, despite its instability. In-

deed, it differs only in degree from any stable numerical

procedure, in which one must strike a balance between

the truncation error resulting from too few steps and

the rotmd-off error resulting from too many; here the

aecunmlated error simply grows in geometric rather

than arithmetic progression. What is lacking is a proof-

that the solution to wl,ich the present method con-

t,i S t" I F N C I,: S .\ 12 (, t' ST, I 95,q 49

verges is the correct one. (The qucsti(m -f whcttwr

a real Imdy exists for any given shock wave is an open

question in eilhcr method.) IIowever, it reprnduces

the results of the Garabcdian-Licherstcin method t-

four slgniiicanl figures, as shown for one case in Figs.

11 and 1"2. Fig. 12 indicates that tl,e present method

is the more accurate near the sonic line.

In general, as in the exami,le of Fig. 11, f-ur to six

steps in r/al_mg the axis are found to yield the standoff

distance correct to within 1 per cent, with comparable

accuracy in the other flow quantities, It was thought

worthwhile to carry out the solutions discussed below

only to this standard of accuracy.

({_) Ex.x.'qPI.FS AND DISCUSSION

Some 50 examples have been calculated, covering a

wide range of shock I)lunlncss, *lath Number, and y

in both plane and axisymmetric flow. Only axisym-

metric flow will be considered henceforth as being of

more practical interest. A complete compilation of both

plane and axisymmetric solutions will be issued later

as an NACA publication by the writer and Helen

Gordon, who carried out the coding and nmchine com-

putation.*

(3.1) The Family of Bodies

At each Mach Number (and _,) the family of conic-

section shock waves leads to a one-parameter family of

bodies. Fig. 13 shows various members of the family

for 3[ = _o. The downstream extent of the body was

limited in each case by the end instability discussed in

section (2.6), which emlld be eliminated.

Except possibly for (he very bhmtest, the bodies can

all be accurately described by conic sections back at

least to the sonic point or limiting eharacleristic.

Thereafter the solution could be continued, or modi-

fied, by the method of characteristics. However, it is

a virtue of the present method that it gives the sub-

sequent shape. The sonic line and the change of type

from elliptic to hyperbolic play no significant role.

From this point of view it may be said that the bhmt-

body problem is not a transonic problem.

(a.2) Comparison With Experiments on Spheres

Because the bodies are found alI to be represented

closely by conic sections, it is possible to consider a

fixed shape over a range of Mach Numbers. Enough

experience has been accumulated at _ --_,/5 that a de-

sired body can be produced in one or two attempts.

Thus the sphere has been solved for a number of Math

Numl)ers from 1.30 to co (and v-dues closer to 1 would

offer even less difficulty). The standoff distance is

compared in Fig. 14 with experimental results from

refereuces -t0 to 1 t. The surface pressure distribution

is compa,ed in Fig. 15 with experiments at M = I..30

(reference-t5) and M = 5.S (reference 4 I).

* We are indcbt,.d re) M'arceltine Chartz fnr conti)me!l guidance
through the mysterie_ of machine COml)Utiltloll.
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.= the various strips yMds a system of ordinary differ-

=-'_ i ential equatious that are integrated on an electronic
-- digital computer. .ks in the ('ar;d)edian-l.iebcrstviu

• """"" " ' : . method, the sonic line assumes a spuriou_ siguificanee

_'" '- which necessitates special treatment in its vicinity.
-, _i e,

o_" _=1 l_elotserkovsky has imblished results fi,r a circular
¢O / cylinder at M = 3, .1, 5 (with "i' -- 7 '5) which agree

W / well with those fnml the present meth_d" aml it would

Z //I-- seem reasonable to assume that he has also considered

Z I - more practical axisymmetric 1)odies.

Uchida and Vasuhara have given a very tedious

rn method of successive approximations which does not
>- /

/ seem Slfited to machine e(mqmtatiou. Their one pub-

O 0 ]ished example -f a circular evlinder at 31 = ") (_' ---: 7:5)

agrees faiHv well with results fl-m the present method,

/
/ (3.4) Shock htsensitiviry

-I L l _ I
-I 0 -I 2 ,\n objccti,m sometimes raised against the inverse

..... SI'40CK BLUN -_', ....V ee,_o, B s method of startiug from "m as._umed shock wave is that

. : - •.... its shape is iusensitlve to changes in the body shape.
Fm lB. VariatL)u of body.bluntness with shock wave 1)hint-

-. ,.:.- aess a_ :;'= _, _ = 7/5. A near nommiquencss is implied according to which

- , -.- essentially the same shock wave would correspond to

various bodies. Itowever, no such difl]culty exists
(3.3) Comparison |Vith Other Numerical Methods

within the family of shapes considered here. Fig. 16

After developing the present numerical procedure, shows that for shapes sharper than a parabola the

the author learned of two other iu(tel)entlcnt treatments

by essentially the same methr,d. Pri-rity clearly goes

to K. Maugler, of the Royal Aircraft F.stablislm,ent, SHOCK_// BODIEz._ /although his x_:ork is uot ::et lv:h.lished.* At a meeting

' ONIC
tion of the plane flow behind a parabolic shock wave OINTS

at ,1[ = 7 (with _, = 7./5). The body was found to be

circular within half a per cent to behind the sonic line

(in conformity with results of the present method) /

and was contiuued to a semicircle by the numerical ,/
method of characteristics. 1 I

a similar procedure to the spherical shock wave at _ Bs=L25 I

several high Mach Numbers. The accuracy of their L 1 _ Bs='75
examples is low (the pressure at the stagnation poiut 1____

being (,ff by some 3 per cent and the standoff distance FIG. 17_ Axisymmetrie bodies at .1[ = _o, "r = 775 matched
with same llose radius and with same sonic point.

low I) 3" I0 per cent), at least partly because the thick-

hess of the layer between shock and body is neglected

at one point.,.Th%" apparontly attempt to suppress

the instabilit): by filtering out high harmonics (which

are the m_)st unstable). The present author believes

__,uch attempts to he dangerous as well as unnecessary.

In contr:tst with these indirect methods (that start

from an assumed shock wave), F;elotserkovsky a_ and

" Uchida and Yasuhara a-_ have described nlethods for

solving the direct problem of a given body. Following

the so-called !ntegral method of Doroduitsyn, I_eh)t-

serkovsky divides the layer between shock and body

into n strips (2 or 3 in practice) across each of which

the fl_)w _7a,i4al)f(.::-are _;r;l_oximated by polynbnfials.

• .-Integrating thc equatious of motion analytically across

---" A,,t,F. XDt;,,: Mangler's ,,',,rk is now available in: Ma,,gler, L _i: :i:':i: : 4-':;:;; ;;i:;0f: i_: i
- :_.- K \v, .,,d l,.,._,,,s, M V., roe c,,m,i.t,o,, 4 ta,. h,,,,s.a z._o_ ...... ,_ ...,_.,:,..L_.,v,....,_._ _¢'..r._.*_

Bet teen a Detached Bo t I[, e and a B.d R A I Tceh Note . t t t _ c 1 . t It re dt ' " ' 5, " " "' ' • " Fie,. 18. Result -f trying e n "tan cff 'c I" ", 1 a " ':

A('r,, 2536, (k'tober, 1957. " gas effects, ,1I = 14.2.
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l-Nmluc;-_ "f sh, wk aml 1)r)dy change at the same rate;

.e,l ,dlh,,u_h the slu,ck insensitivity increases for

+,.:,:,,I, ¢ _h,qws. it by n,_ IIICaHS approaches infinite slope

_!-:,h w,.uhl imply c_mH_Icte insensitivity.

t I _;) Shouhh'l Chokin_

]::t,rt..l_,ill_ sll, lt'k iusensitivity for bhmt b_,dics is

• r, Iat_d1,, the I_]lt'll'_lllCllOll of slmuldcr chokiug pointed
,';:1 Io,' I{tlsclll;tMn 4r' _.llld Itayes. Is According to this,

tlw M.md_d'f dist:mcc and the shock shape in the sub-

..,:tic rcgitm arc determined maitdy by the shape

,,,¢ Ihc b,,dy near the sonic poiut. This is illustrated in

l'ia:. 17 by superposin_ first the vertices and then the

..,:tic 1.,ints _,f two ditTcrcnt b<,divs. The effect w,_uhl
t,..,,,:ne cvcn mcwe pr,mtmnced flw t)hmtcr shapes (and

i:_ i,l.mc lt,,w).

LI.¢,) Possil, ility qf Treatin_ Real Gases

"lhe present numerical method is suitable for the in-

clusion ,ff real gas effects assuming cquilibriun_ thermo-
dynamics. II:md calculation would probal)ly be neces-

sary if the standard tables were to bc used, but they
o,uhl bc approximated analytically for purposes of

machine COmlmtati(m.

Several iuvestigators have suggested tile use of a cou-

_!:m[ cffcctive _r" to account roughly for real gas effects.

"lhi_ idea was tested by startiug from the observed

shock for a hemisphere flying at 3[ = 14.2 (refcrcnce

17), which clearly involves significant gas impcrfcc-

ii, ms, aud attempting to reproduce the body. Tim

,,bserved stancloff distance is obtained by choosing y =

1.35 which according to section (3.5) nmst be the cf-

fl.ctivc value in the vicinity of the saute line. Fig. IS

sh,,ws that the body shape is then closely reproduced.

At least in this case of mild gas imperfections, the idea
shows pronfise.
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" "['hv bounda_'y4,,y_ _.qarat_ims z;,_ developed in general for the

• cane ¢,[ _,-eW hizh speed flight where the external flow is in a dis-

- - sr_'ia_, d sta: . .In particular the effects of diffusion and of atom

recombination in the boundary layer are included. It is shown

that at the stagnation point the equations can be reduced exactly

to a set of nonlinear ordinary differential equations even ss'hen the

chemical reactions p,'oeeed so slowly that the boundary layer is

not in thermochemieal eqtfilibrium.

Two methods of numerical solution of these stagnation point

equations are presented, one far the equilibrium case and ti_e

other for the nonequilibrium ease. Numerical results are col

related in term: of the 'i,aramef: rs etttering the numerical formu-

-lation so as _:_._ _o d.W_:ad <ritic:dly on the physical assumptious
made.

For the nonequilibrium boundary layer, both catalytie (to

atmn recombination) and noncatalytlc wall surfaces are con-

sidered. A solution is represented which shows the transition

from the "frozen" boundary layer (very slow recombination

rates) to the equilibrium boundary layer (fast rcemnbinatioa rates).

A recombination rate parameter is introduced to interpret the

nonequilibrium results, and it is shown that a scale factor is in-

volved in relating the equiliIMum state of a boundary layer on
bodies of different sizes.

It is concluded that the heat transfer through the equilibrium

stagnation point boundary layer can be computed accurately by

a simple correlation formula [see Eq. (63)] and that the heat
transfer is ahnost unaffected by a nonequilibrium state of the

boundary layer provided the wall is catalytic and the Lewis

Number near unity.

Received"i,ta_ 1t, I95C

This work was sponsored by the Ballistic Missile Division,

ARDC, USAF, under Contract AF 04(645)-1g. Many mem-

bers of the staff of the Avco Research Laboratory have con-

tributed to thls paper. In particular, thanks are due to A. R.

Kantrowitz, who initiated the work, and to N. tI. Kemp,

who meticulously reviewed the results and suggested several

improvements.

In eart3qng out the computations the work of D. Goldberg,

R. D. Laubner, J. Levin, and W. M. Wolf is gratefully acknowl-
edged.

* Consultant, Aveo Research Laboratory, and Professor. De-

partmen_ _q Mccha;Acal _:9gb_eerlng, Mas._ehu_tts Institute of

Technology.
**.Principal Research Scientist.

Ci t=

£,oi

G =
G =
G
d
D =

D r ,=

¢

ei =

y
F

g
h =

hi =

hiO

_A 0 =

k =

gt =

Ix', =
l

Li =

Lit =

L =

M =

N =

Nu ffi

p ---
q =

q =

r

R =

Re =

SYMBOLS

mass fractiou of eompotlcut

specific heat per t'mit mass at constant pressure of

component i, Eq. (19)

i'p/_r_,, Eq. (A-I i)

defined by Eq. (19)
recombination rate parameter, Eq. (57)

hD/G_T,

defined by Eq. (A-14)

defined by Eqs. (A-4), and (A-7)
diffusion coefficient

thermal diffusion coefficient

defined by Eq. (A-13)

internal energy per trait mass of component i

defined by Eq. (24)

defined by Eq. (A-9)

defined by Eq. (25)

enthalpy per unit mass of mixture, Eq. (16)

perfect gas enthalpy per unit mass of component i,

Zq. (m)
heat evolved in the formation of component i at

0°K. per unit mass

dissociation energy per unit mass of atomic products,

• Eq. (50)

average atomic dissociation energy times atom mass
fraction in external floss,, Eq. (61)

thermal conductivity

recombination rate constant, Eq. (50)

dissociation rate constant, Eq. (51)

defined by Eqs. (33), (A-5), and (A-9)

Di_p/k, Lewis Numher

DirpeJk, thermal Lewis Number

Lewis Number for atom-molecule mixture

molecular weight of molecules in atom-molecule

mixture

number density, moles per unit volmne
tP

Nusselt N'umber, Eq. (43)

pressure

heat flux

vector mass velocity

•¢ector diffusion velocity, Eq. (2)

eyllndrlcal radius of body

body nose radius

Reyt;olds Numbers, Eq. (44)

Reprinted from J. Aerospace Sci.

i 25, 73-85, 121 (1958) S4
By Permission



J o u P, N A I. () 1," T II I.; A F I(O N A I.' T I C

Rt = gaq CnlIMaut of Colltp,_neIIt i

R,,, = gas constant (ff mixture

61 = universal gas eonstaot
s dr'fined by Eq, (27)

- T ,= absolute tempcr,tture
Tv = vibrational tcmDeraturt, for molecules, taken as 800 °

K.

u = xcomponent of vch,city

v _, y component (,f vehwity

tei = ma_ rate of f.rntation (,f COmDonellt i per unit
volume arm time

x = distance ahmg meridian pt,_filc
y = distance normal to the surface

at, _* defined by Eq. (A-5)

¢31, fit defined by Eq. (A-7)

"rt, 7, defined by Eq. (A 6)

n defined by Eq. (22)

0 defined by Eq. ('2-6)

p = absolute viscosity

= kinematic viscosity

defined by Eq. (23)

p = mass density

o = Praudtl Ntttnber G,u/k, takeh as 0.71 in numerical
calculations

@ = dissipation function

Subscript#

A = atom

i = ith component of mixture

e = external flow conditions
it, = wall

s = stagnation point in external flow
21[ = molecule

f_t = mixture

E = equilibrium

(l) INTRODUCTION

HE PROCESS of aerodynamic heat transfer at hyper-
sonic velocities is complicated by two features not

norumlly present at low velocities. The first is the

possible dissociation and ionization of air due to high

static temperatures encountered where the air is de-

celerated by shock waves, bv viscous forces in the

boundary layer, or at a stagnation point. Because dis-

sociation and ionization (and their reverse processes,

recombination) proceed at finite rates, lhermochenfical

equilibrium is not necessarily achieved throughout the

flow field, and such rates are therefore an essential in-

gredient of the flow process. Secondly, diffusion of

atoms and ions, which subsequently recombine with a

high specific energT release, may appreciably add to the

heat transferred by normal molecular conduction.

"While there may be other physical l)henomena also

present, such as radiative effects, it is the purpose of the

present analysis to include only the two effects pre-

viously noted in an otherwise classical viscous flow

problem.

Some aspects of this problent have already received

attention. Moore t considered a dissociated laminar

boundary layer on a flare plate in air with a local com-

position determined by the thermochemieal equi-

librium-i.e., a recombination rate constant sult_ciet|tly

great to maintain local equilibrium, ltansen -_ n.ted

that Moore had miscalculated the Prandtl Number for

dissociated air and an analysis sim;lar to Mgor¢'s hut

A I. ,'.;C I l,: N C I,:S-- F 1,; I_ I4 lr A P. V, 195_q 55

following tl it sen s sttggestion was made by Romig alt(I

Dore. 3 Beckwitt? considered the heat transfer to the

stagmttlon rcglon of :t blunt nosed body, using integral

.methods.* Crown _ also considered the stagnation

point problem, using a modified Croeeo ntethod for

solving the boundary-layer equations. Finally, _[ark e

treated the stagnation point equilibrium boundary

layer with variable fluid properties._"

In all these analyses no detailed distinction is made

between the roles of atomic diffusion and molecular

conduction in transporting energy to the wall._ If one

considers the ener_- transport through a ntotioMess

dissociated gas with temperature and concentration

gradients, the energy flux is approxintately

q = k grad T + ha°Dp grad ca

where k is the ordinary thermal conductivity, T is the

tentperature, hA ° is the dissociation energy per tntit

mass of atomic products, D is the atonfic diffusion eo-

efficient, p the density, and ca the atomic nmss fraction.

The first term is the usual transport of kinetic, vibra-

tional and rotational energy and the second is the

transport of potential (recombination) energy. Even

in the "eqttillbrium" boundary layer, the latter terut

should be taken into account in the energy equation,

and will constitute a significant contribution where the

atom eoncenlration and diffusionaI velocities are

noticeable.

These distinctions were first pointed out by Fay. _a

Subsequently, Lees 7 considered in detail the laminar

heat-transfer problem in dissociated air, including the

effects of atomic diffusion, and suggested several ap-

proximations to facilitate the solution of the boundary-

layer equations. He considered the limiting extremes

of the recombination rate constant which (as discussed

below) lead to simpler solutions than the general case,

and suggested expressions for the heat transfer for both

cases. Similar arguments, but in less detail, are ad-

vanced by Ktto. _4

Apart from the physical mechanism of heat transfer,

there are several relevant aerodynamic considerations,

the foremost of which is the question of shock-wave

boundary-layer interaction at a sharp leading edge.

From a mechanical point of view, it does not appear

possible to maintain sharp leading edges with their

attendant high heat-transfer rates, so that a finite

radius of curvature appears ntandatory. Under these

conditions a distinct htyer will exist independent of the

detached bow shock wave if the boundary-layer thick-

ness is nlnch less than the shock detachment distance.

* It is n-ied that the variation of viscosity through the bound-
try layer, which materially affects the heat-transfer rate, cannot

be aecotmtctl for by the integral method.

t Irc_r a more detailed discussion of numerical results, see Fay,
Riddcll. and Kellll). l_

_:Crown3 fc,r example, assumes that the potential energy of

dissociation (which is actually carried by diffusinn of at-ms) is

transported in the _ame manner as the internal energy of the

molecules, which implies equal diffusivities of molecules arm
atoms.
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--i':iV []il" f''[H 1(1|" V_lri('S a_ the inverse sqllare I'n_t ()f the

!;,v;,dd_ Nmnber and the latter is indepelulcnt of

Ft Vl,.,I,l_ Numtwr, there is a Inininmnt I(eyn(d(ls Nunl-
I_r bcl,,w which tile shock wave and botlndary layer

:,,b,e. ]l_,wcver, since low Reynolds Nulnbers at hy-

i'-t_-,,tlc vcl,,cities can only be attained by reduciug the

,:, :i.tl)' (and hence increasing the mean free path), this
li::_it may not I)e reached before free lnolecule flow en-

st,cs. It thus appears that stagnation point boundary

laycrs art' qvite relevant to hypersonic continumu
II, ,ws.

B,,undary layers at locations other than tile stagna-

ti,,n I,,int :are also of inte,est, but will not be considered
hcrcin in detail. There are certain difficulties inherent

in -uch s,,luti-ns when the recombination rate is finite

which will 1)e discussed more fully below.

F,,r any baundary-hlyer calculati(m, tile behavior of

the free stream outside the boundary layer must be

kn,,wn. If tilt. boundary-klyer thickness is smalI com-

pared with the nose (and also detached shock wave)

radius of curvature, then only fuld which has passed

through the normal shock wave chise to the axis (or

l)lane) (,f symnletry will enter the boundary layer, and
this constitutes the "free stream." If it is assumed that

this stream has attained thermochemieal equilibrium

by the tilne it reaches the stagnation point, then the

flee-stream conditions for the stagnation point bouil(l-

,ry laver :ire those of an equilibrium gas. This would

appear to be the case most likely to be encomltered.*

Whether the free stream in regions other than the

stagnation point remains at equilibrium again depends

upon the recombination rate since, in flowing to regions
,,f l,,wer pressure, the gas is expanded and cooled.

Ag:,in, there will be no general solution which will in-

chule all possible situations.

The two extremes of recombination rate give rise to

simpler _)lutions than the general case. For suf-

ficiently small recombination rate, the concentration of

atoms (or ion pairs) is determined by the diffusive flow
froul tile free strea,n to the wall where reeomt)ination

would occur, and wtmhl bear no relation to the thermo-

chenfical equilibrium concentration corresponding to

tile local temperature. In such a "frozen" boundary
layer, the temperature and concentration distributions

are practically independent of one another. On the
other hand, for a sufficiently large recmnbinati,m rate,

constant therln,ehelnieal equilibriuln wouhl prevail

through()ut an(1 either the telnperature c,r concentration

• distlibution is a sufficient description of the thermody-
namic state of the boundary layer. It is, therefore, to

be expected that tile distrib, tion of atoms in the

'']'lle time for tbe gas 1o crnne to equilibrium behind the
n,,rmal sh,,ck wave dcpctMs upon lhc kim.llc- .f the dissnciati(m
Vmcess. II is merely w,ted here that immcdialely l,ehiml the shtJck
wave. I_t.f,,re disstwiati, m begins, the /randal i,,nal temperature i_,
extremvly high and thereby prcmvdcs high dissociation rates.
Even at high tcml,eratures eqt,ilil)rium may not be attained soon
enough if the densily i_ sufficiently h,w. but this wouhl probably
(K'Ctlr ollly near the free m-leculc flow regime.

I

"frozen" and "equilibriun¢' bt,undary l;tyers will be

quite different.

Despite the importance of tile processes of dissocia-

tion aml recombination iu determining the therm,dy-
namie state of the air throughout the flow field, their

effect ou heat transfer is secondary. This is most easily

seen I)5" again considering the heat flux through a stag-

nant gas as given above, and replacing grad T by

(I/G,) grad h, where h is the perfect gas enthalpy. If we
also make the approxhnation that DpG,/k (Lewis

number) is unity, the heat flux becomes

q = (k/cp) grad (h + c,lha °)

that is, the heat flux is determined by the chemical en-

thalpy (perfect gas enthalpy plus enthalpy of forma-

tion) difference between free stream and wall. Wltether

atoms recombine in the boun(tary layer or on tile wall

males no great difference since tile energy is conducted

about as readily by nolnml conduction as by diffusion

when the Lewis Number is approximately one. On

the other hand, if the heat transfer is to be known more

exactly, then such relevant effects as variation of trans-

port coefficients with telnperature, variation in heat

capacities, actual Lewis Number, etc., nmst be ac-
counted for properly. It will be seen that it is the in-

fluence of these effects which constitutes the principal

departure from an extrapolation of the classical theory.
Since a considerable fraction of the heat may be

transported by atomic diffusion toward the wall fol-
lowed by recombination on tile surface, it woukl be

possible to elimitmte this fraction of the heat transfer by

using a noneatalytie surface. However, such a scheme

is useful only if the atoms do not first recombine in the

gas before reaching the wall. The flight conditions

under with the gas phase recombination is slow enough

to pernlit atoms to reach the wall, and tile resulting heat
transfer with both catalytic and noneatalytic surface,

have been determined for the stagnation point flow.

For a discussion of experimental techniques and re-

suits of shock tube measurements of stagnation point

heat transfer ill dissociated air, see reference 15.

(9) LAMINAR BOUNDARY-LAYER EQUATIONS IN a
J) ISSOCIATED GAS

"File general equation of continuity for any species i is

_..+ .-_+

divlo(q + q,)G} = w, (1)

where p is the Inixture density, c_ is tile mass fraction of

species i, wt is the mass rate of forlnation of species i

per unit volume, q is the mass averaged velocity and qt

the diffusional veh,city of species i measured with re-
-+

spect to _/_. q _may be given I)y

-_ = - (D, "c,) grad c_ - (D, r, .'T) grad 7" (2)

where D_ and D, r are, respectively, the molecular and
thernlal diffusion e_)eflieients of species i, and I" is the

temperature. The first term on the right of Eq. (2) is
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due to coi:_ -:.t"M._¢m .diffN.;<m , ,.... _ the S('ColId is (]lit' to

tlwrmal ('liff,:s{,m (l,rc :>m,'.di',r_!_,)_:l is neglecti.,d).
The use ._- _1_.-... ,_: ....... _..._,,,, ,,, o'-..-_ _.:. hacti_m instead of

inolc fracti()], is particularly _: L3_ ,.ince, in the case of a
Ifimolccuhtr mixture, D, t)ecow_._ '.he bim.lecular diffu-

sion coell]cient (l)v2) which is Imtclically. independent

of composition. For multicomponcnt mixtures, the

diffnsional velocity of any one component depends, in

general, upon the concentration gratlicnts of all the com-

ponents, and a mcth_)d for dctcrmining the diffusional
velocities has been suggested by t tirschfehlcr, Curtiss,

and Bird. s In such a case Eq. (2) is not exact (except

for e'qual diffusivities and molecul:tr weights of all com-

ponents), but is a useful aplwoximation. A dissociated

gas (such as ,air) in which all the molccuh's (or :donas)
have nearly the same molecular weight and probably

similar c(_llisicm diameters may be considered primarily

a two-component mixture with atoms ;<:d -,-leculcs as

species, for which Eq. (2) is >:!o_,, ;_,. :._;:....
In order to conserve mass in any _.ncn,,_,,,'_": ' Change it is

necessary that

_w, = 0 (3)

and from the definition of the mass averaged velocity it
follows that

Eq_c_ = 0 (4)

Hence, Eq. (1) summed over all species gives the usual

form for the continuity equation,

div = 0 (5)

The energy equation may be written for a moving
element of fluid

...-4

pq.grad(_c,e_) = div(k grad T) -

div(Y_p-q,c,l,,) + Ewd,, ° + p div 7 + cI, (6)

where e. h. and h_° are, respectively, the specific in-

ternal energy, enthalpy, and heat of fornmtion of

species i, k is the thermal conductivity for transport

of kinetic, rotational, and vibrational energy, p is the

pressure, and ,I, is the dissipation function.

The first term on the right of Eq. (6) is the internal

energy increase due to normal heat condt,ction, the
second that due to fluid] diffusing across the boundary
of the element, the third that dne to chemical reaction,*
and the fourth and fifth that due to the work of the

pressure and the viscous forces, respectively.

It will be assumed that the gas is a mixture of perfect

gases, so that for each component

p_ = p,R,T (7)

where R, is the gas constant for species i, and for the
mixture

p = pR,_T (8)

where the gas constant for the mixture (R,,) is given by

*The heat of formati, m hi ° may be taken as zero for the
rnoleculcs and negative for the atoms, in which case the enthalpy
h [see Eq. (1G)] is always positive.

R,, = "2c_R_ (0)

It then follows that the enthalpy and internal energy

are related by

h, = e_ + R_T (I0)

By combining Eqs. (5) and (7) through Eq. (10) with

Eq. (6), the steady-state energy equation reduces to

p q.grad(2c_h_) = div(k grad T-

Epq_c,h,) + Ew,h, ° + -_.grad p + el, (11)

A further simplification occurs by combining Eqs. (1)

and (1 I) to eliminate the term Ewiht°:

t,,0)}= div{k grad r-
Xpq, c,(h,- h,°)} + q'grad p -F ,I, (12)

By making the usual boundary-layer assumptions,

Eqs. (1), (5), and (12) reduce to the following form fc,r a

body of re_,olution, if the boundary-layer thickness is

small compared with the radius of curvature and centrif-

ugal forces are neglected :t

(pru), + (prv)v = 0 (13)

puc,,+ pvc,, = {D,pc,, + D,rpc,Tv/T}v + w, (1,1)

pub, + pvh v = (kT_)u + upx +
tt(u,) _ + {ZO,p(h_ -- h,°)c,v +

ED,rpc,(h,- h,°)T,,'r}v (15)

where r is the radial distance of the body surface from

the axis of revolution, u and v are the velocity com-

ponents in the x and y directions (tangential and normal
to the surface, respectively), # is the absolute viscosity,

and the enthalpy for the mixture is

h = Zc,(h,- h, °) (16)

The corresponding equation of motion is

puu_ + Ovuu = --P_ + (mt_)_ (17)

Since the transport coefficients are, in general, func-

tions of temperature and composition, it may be de-
sirable to use T rather than h as the dependent variable

in the energy" equation. Noting that he is a function of

temperature alone, we have

grad h = {Xc,(dhv/dT)} grad T +
Z(h,- h, °) grade, (18)

Letting

6,---_ Xc,(dh_/dT) = Ec_c_ (19)

where G, is the constant pressure specific heat for

translation, rotation, and vibration, the energ'T equa-

tion (15)i in combination with Eq. (I.t), becomes

e,{ tmT_ + pvT,} =

(kT_)_ + up, + U(u_) _ + Ewe(h, ° -- It,) +

Ec_t(D_oc,v + D_rOc_TfT)Tv (20)

For a gas at equilibrium, on the other hand, it is fotnld

t Subscripts x and y (or/_ and n below) are used to denote par-
ilal diffcrentiati-n.

II;
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more convenient 1o use the enthalpy as a variable rather

than temperature, ix] which case by combining Eqs. (17.)
and (Is) with F.q. (13), we obtain

..(I, + u::2). + ov(h + u"-,'2). = {(k 63 ×
(t, + ,:. 2),}, + {(_ :'_')[. - (_, :._](.'),1. +

{z[:>,p - (_,'e,,)](/,,- /,::c,, +
z(n:pc,,r)(/,,- t,,o)7",}. (21)

Eqs. (13), (1-1), (17), and (20) or (21) thus constitute

the systcff_ whose solution is required.

(3) SIMILAR SOLUTIONS

As is usual in t)omMary-tayer pr-blems, one first

seeks s,,lutic, ns ()f rcstrictc(l form which permit reducing
exactly the partial differential equati(,ns to ordinary

differential f()rm. An easily recognizable case is that of

the stagnati,m point flow. where, because of symmetry,

all the dependent variables are chosen to be functions of

y alone, except u which must be taken proportional to x

times a flmetion of y. This also appears to be the only

case for which exact ordinary differential equations
may be obtained regardless of the recombination rate.

For the flat plate and cone, exact solutions exist only
for the extreme values of the recombination rate con-

stant, that is, when the boundary layer is either

"frozen" or in the thermodynamic equilibrium.

For all other cases, certain degrees of approximation

are required. Following standard procedures, one first

tries solutions for which the velocity and enthalpy pro-

files remain similar to themselves, at least for an ap-

preciable distance along the body. Such "locally

similar." approximate solutions may be obtained for the

"frozen" or "equilibrium" boundary layer, and also for

an arbitary recombination rate in certain restricted
cases.

The existence of a finite recombination rate is not the

only hindrat:ce to obtaining exact solutions in regions
other than tile stagnation point. In general, the varia-

tion of the velocity, thermodynamic variables and t rans-

port coefficients in the free stream and ahmg the wall of
the body of arbitrary shape prechule exact soluti(ms

(except for the cone and flat l)late). An important

aspect of the locally simila, solutions is a proper ac-
counting for these variations such that the heat transfer

may be determined for any point of the body of arbi-

trat T (but regular) shape. Althougll this problem will

not be treated in this paper, we will start with a trans-

formation suitable for locally similar solutions.

With this in nlind, we choose the folh)wing transfor-
mation of the independent variables x and y, which iu-

eludes the usual Howarth and Mangier transformations,
as proposed by LeesJ

f0'n _ (ru/x/').}) M.v (22)*

_ £x p_U_.u:'dx (23)

wl)ere u. is the velocity at the outer edge of the bound-

ary layer. In addition, the following dimensionless de-

pendent variables are chosen :

2Of/_)7 _ u/u,; f = (bf/'b_)d_ (24)

g = (h + uV2)/h., (2_)

0 = 7"/7", (2(;)

s_ = c,/c,, (27)

where the subscript e refers to values in the local free

stream, and s to values in the free stream at the stagna-

tion point. Substituting in Eqs. (13), (14), (17), (20),
and (21), there results

ov = --r-ll(x/_f_ +f/x/_)G + X/'_fvn.] (28)

[(l/u)(L:,. + L,rs_9_/o)]_ + fsiv + [2(w,/pu:,.(d(/dx)] = 2_(f.sit - fts_.) + 2f:,[d(In c_.)/d(ln /_)] (29)

(If..). +ft.. + 2[d(In ,,.)/dOn li)l[(p.,/p) -f_'] = 2/_(f,ff._ -ftf_) (30)

[(e/e,_) (1.:._)o.]. + (6/e._)fo. + x [2(w, gu/dUdx) l[(h ? - h,)/6_T,] + (u2/e,_T,)lf.."- +
g /Y(cp/g,,_) (c,d/a) (L:i. + L, s,0./0)O. = f.{ 2(6,, '6._)0[d(ln T_) :d(ln t) ] +

(2u,V6_T,)(o./9) [d(ln u.)/d(ln ._)]} + 2(6/e..)_(Lo_ - ko.) (31)

[(l/u)g.]. -1-fe. + (u,'/h,){ (1 - u-')lfj,.}. +

{(I/.)x(c,.:h,)(h, - h,0)[(L, l)s,_ + L, s,O,/Ol}_ = 2t(f.gt .[tg.) (32)

where l _ p#// p_.lato

and where cr and Lt are the Prandtl Number (Opu :k) attd

Lewis Number (D,pep/k), respectively. The subscript w
refers to values of the variables at the wall.

,,,, For the dependent variables f, g, O, and s_ to be func-

•_....- tions of rj alone, it. is first necessary that the thermody-

I namie state variables be unchanging in the free stream
I and along the wall as /2 increases, a condition satisfied

I_ at a stagnation point, or al.ng a cone or fiat plate. It

- is further necessary that the source tern1---i.e., the term

involving wr-in Eqs. (29) and (31) depend upon

alone. Since the chemistry of the recombination proc-

ess is believed to depetzd only upon the local thermody-
namic variables--that is, w, is a function of 9, T, and

s,--this second condition may be satisfied in three dif-

ferent ways: (a) w, = 0 (frozen boundary layer), (b)

ug/(in t_)/dx = constant, which is satisfied :it a stagna-

tion point, or (el the recombination rate is sufficiently

* For two-dimensional flmvs let r = constant.



i
J

!

i

t

sohltion of Eqs. (2£), (30), and (32).

For the stagnation point, then, Eqs. (29) to (32) re-

(a4)

(35)

(36)

(37)

slope- i.e., local pressure. Since du<Zdx depends upon

the pressure gradient and hence body curvature in the

meridian plane, there is introduced an extra parameter

in the locally sinfilar solutions. Lees 7 points out that in

the equation of motion (30) the pressure gradient affects

{g, + _c,.[(h, - h?)/h.] X
[(L, - 1)si_ + Lirs_./O]}_=o (41)

For stagnation point heat transfer we note that

rpjt_ I%/'2-_ = { (2/v,_)(ducldx),} ,t2 (42)

only a single term, that this term is generally small, and

that neglecting this term in tile equation of motion will

only slightly affect tile sohltions for g, O, and &. This

appears to be a greatly desirable simplificatiotl in de-

termining the heat transfer at other than the stagnation

point.
The use of locally similar solutions can only be justi-

fied a posteriori in each particular case by determining

from such a solution the magnitude of the terms in
Eqs. (29) through (32) which were neglected. Pre-

where Vw is the kinematic viscosity at the wall.

It is also possible to define local Nusselt and Reynolds
Numbers based on tile local coordinate x. Thus, de-

finingt

Nu = q.ver_/k,_(h, -- hw) (43)

Re = u,xlv_ (44)

the heat transfer at the stagnation point may be written

as

sumably an iterative scheme could be devised to im-

prove on such solutions. It does not appear possible to

formulate a general criterion for determining the limit

of applicability of the locally similar sohltions except a

loose physical argument that conditions in the free

stream and along the body nmst change only slightly in

q = (ZVu/X/R-e)%/p..#_(du,/dx).[(h,- h_)i/a] (45)

where

Nu,/V'_ = [v/_ G_T./(h. - h.)] x
{o. + Xc.l(h, - h,o)iGr, l x

(L,si. + L,rs_O_/O)}_=o (46a):_
a distance of nlany boundary-hlyer thicknesses.

(4) lib:AT TRAN.qFER

The local heat-transfer rate to tlie body q is deter-

mined by the sunl of the conductive and diffnslve trans-

ports, tile latter being included only when the atoms
recombine on the wall. Thus,

q = [k(bT,/_y)],=o + [Zo(h,- t,o) X

{D,(Oc,'Oy) + (D,rc,,'T)(OT,"Oy)l ]y=0 (as)

Nu,/x/R-c = [%/'2/(1 - g,.)] X

{g, + Zc,,l(h, - h,°)/lz,] X
[(L, - l)si, + L,rs,o#'o]},=o (46b):1:

It should he emi_hasized that the heat transfer is in-

dependent of the particular choice of r_erence density

and viscosity (p_) which appears in the definition of

Eq. (23). The use of wall vahles of p and # for this pur-

It is clear from the expresdmls (40) and (,tl) th:, t the enthalpy
difference between wall and free stream, not the temperature
difference, is the proper "(Iriving force" for heat transfer.

%"_: Strictly speaking, the fluid cannot be exactly in thermody- _ For conical or flat plate flows, the factor Eq. (4B)ill

namic equilibrium, for if this were so, there could be no net rate should be replaced by V/3/2- ur l/x/'2, respectively, when the

o,eh=<0. o,o '°"°w'7vP r"elepat,. ,ar 0 rJere.ce '.r o,o  .omt,.e
i enoug rate c nstants, t c fluid 'i'l be "cry close to equilibrium, apex or leading edge, respectively, measured along the surface.

large to maintahi tlicinl,.Mvnanlic cqnilibriunl,* in

which ease w, is determined through Eq. (29) from the
duce to

[(U.)(L.s,o + L.rs.rdv)1. + is,. + { 2(d,,,."<tv).<}-'(w,/vc.) = 0

(If,.), + f.4, "t" (1/2){ (P,/O) - f,'} = 0

I(e,le,_)(#,,'o)],_- (G%:)fo, + {2(d,,,/d.v),}-'2(w,!o)[(h, ° - h,)i'e,_r,] T
(G, Y_,,) (c,,l<'a) (L,si, + Lirs_,/0) _0, = 0

[(//'a)g,], q-ix, + ((l/a)_[c,,(h,- h,°)/h,] {(L, -- 1).% + L,rs,e./Ol). = 0

where it has been assunled that u" << h,.

Fog a "locally similar" solution away from the stagna- or

t/on point it is required that the terms oil the right-hand
side of Eqs. (29) through (32) all be negligible compared q = [(k/'d_)(bhfby)]_=o -4- [Z(k/?_)(ht - h_°) X

with those on the left, and thus the equations may tie {(Ll -- l)(bc,10y) + (LTcjT)(OT/Oy)} ]y=0 (39)

integrated with respect to r/. The dependence upon _ In terms of the dimensionless temperature and en-

off, g, O, and s, is thereby implicitly determined by the thalpy distributions, this becomes
variation of P, 7", s, u. and the transport coefficients in
the free stream and along the wall, this variation being q = (rk_p,_u,T,/Vz_){0_, + Xc_, X

deternfined by the aerodynamics of the external flow. [(h_ - hfl)/'_rT,](L_si_ + L_rs&/O)},=o (40)

For Newton/an flow tile distribution around tile or

body of the relevant quantities is easily found, all quan-
tities except du,/dx being determined by the local body q = (rk_p_u,h_/'V/_ g_,) X
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t,_ _, merely a convenience, but a logical choice in that

,, tr:,,_;t,s that 1 = 1 [Eq. (33)] at tile wall (_ = 0).

t ! _, _ ct. an,,t her ch,,ice, such as free-stream p and ,, or

, ', e,'l p_, ttlll,tl tl, at{ itrbitrary function -f.v, could also be

_:-¢,!. lq each such case, however, the s()luti(ms of the

i,.u,>l.,ry-laycr eqvalions give different g(r/), 0(_1), etc.

l; i- char trcml an examination of these equations that

,r,t_,'ll <llCh s,,luticm may l)e transformed into alu_ther by

a -imi,le change of scale of r/audf defined by

,_!:ql

x/,,,,%-_,_ = v%G ,_0 (47)

(4s)

g(.) = g_(x/m,,_._ _0), etc. (-to)

a:M where t_m, is the new reference value used in defining

r,,. .ks a c-nsequence the heat transfer [see F.qs. (3£)

and (39)] can be secu to be independent of the cholce of

p,u_.

On the other hand, if one attempts to estimate g,(0)

f,,r the case of p/_ not constant from a solution for pg

om,.Izmt,* which is the problem considered by Lees, 7

the rcfcrence state (p0uu) is quite relevant since by its

pr, per (and arbitrary) selection the wall gradieut of g

may bc made to, equal numerically that fr_r the case of

eu c-nstant. A discussion of this point has been given

by Probsteiu, ° and by Fay, Riddell, and Kemp? 2

(5) TRANSPORT PROPERTIES

"I'o obtain a numerical solution of the boundary-layer

equ:di,ms it is necessary to know the viscosity, Prandtl

Number, Lewis Number, anti thermal diffusivity as

functions of the local temperature, density, and com-

positi¢m. For the high temperatures under considera-

ticm, these properties have been estlmated,_ the principal

mlcertainty resulting from lack of knowledge of

at-,n-m,)lecule interaction potentials. The particular

results tff this study which are pertinent to the bound-

ary-layer calculation may be summarized as follows.

(a) The viscosity of equilibrium air, determined by

assuming that all particles possess the same interaction

g,,tentials, does not vary. more than l0 per cent from

Sut herland's formula below 9,000°K.

(b) l_,th PrandtI and Lewis Numl2ers do not change

appreciably with temperature (below 9,000°K.), the

value of the latter being uncertain, 1)ut estimated as

ab, att 1..t.

In light of the uncertainties in viscosity and Lewis

Number, it is clear that the calcul:tted heat transfer

u_ing these estimates is also uncertain. Ilowever, the

mma.rieal sohttions of the I)oundary-layer equations

may t,e (,brained for a range of t),,ssible Lewis Number

and viscosity variation, such sohtti_,ns being generally

vadid when expressed explicitly in terms of the property

' As. f,,r example, the solutions of C-hen and Resh,,tko. I°

{tThe_e estimates were In'Me by Dr. S. Penner .f Califi,rnla

Institute _,f Technology and M. M. l.[tvak of C, wnell l'Mversity.

POINT IIEAT TRANSFER

variations. Thus for the tmmerical solutions, the

Prandtl Number was held fixed at 0.71, the Lewis Num-

ber was assumed constant through the boundary layer

at values ranging from one to two, and the viscosity

variation _s determiued by Sutherland's law f,,r the

eqtfilibriunt air and as calculated by Penner and Litvak

for nonecluilibrium composition.

It is easily shown that thermal diffusion is tmimpor-

taut for the equilibrium boundary layer at stagnation

temperatttres less than 10,000°K. For the frozen

boundary layer this is no longer necessarily the case;

however, thermal diffusion was neglected in all the

numerical solutions reported in this paper.

(6) RECOMBINATION RATE

As suggested by Davidson,** the recombination rate

of atoms is determined by a three-body eolllson:

atom + atom + particle -+ molecule + particle

For this process the rate of disappearance of atoms ntay

be written as

dNa/dt = -K, NA2NT -'._ (50)

where the temperatttre dependence is as suggested by

Davidson, who also estimated K_T -_._ to be 5 X 10 _

ec. 2 mole --_ see. -_ for oxygen recombination when T =

300°K.jt Na and N are the number of moles per era. s

of atoms and particles, respectively.

Atoms will be produced by the reverse of the above

reaction, so that the net rate of production may be

written as

dNa/dt = -K, Na=NT -'._ + IG(T)NMN (51)

Since under equilibrium conditions, there is no net pro-

duction of atoms, K=(T) may be solved for in Eq. (51)

in ternts of the equilibrium atom and molecule concen-

trations which would exist at the local temperature T

and pressure. Substituting this value of K= in Eq. (51),

there results

dNa/dt = --K_Na=NT -_ _ X

{1 - (NM/NM_)(NaE/N.) =} (52)

where the subscript E refers to the concentrations which

would exist at therumdynamic equilibrium at the local

pressure and temperature, an(l NM is the number of

moles of molecules per em a.

Considering a gas mixture of diatomie molecules of

:_Results of the experiments of reference 15 indicate good

agreement with the present estimates of transport properties with
Prandtl Number 0.71 and Lewis Numher 1.4.

** Dr. Norman Davidson, California lnstitute of Technology
(private communication).

_'t Recent experime,_ts reported by J'. Carom and J. Keck (see

Bulletin .f the American Physical Sc,ciety, Series lI, \',,1.2, No. 4,

p. 216, 19;37) indicate that the recombination rate at 6,000°K.

may be higher than that obtained by extrapolating Davidson's

esthnate t[) such a temperature. There is nothing known con-

eerning this rate at the h)w wall temperatures pertinent to the
boundary-layer prol)lem.
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m,>h, ct,l:tr weight 31 ;m(1 atmns <)1"weight .1[ '2, tile at.m (c) 0 ._< C_ _<. co

mass fraction and total density are, respectively, (d) Stagmdi(m p,int om<litions corresponding t- ther-

e.4 = N.t::(.\r.i + 2Nu) (53) modynamic equilibrium at veh)citics betwcen 5,.";00
ft. per sec. aml 22,R00 ft. per see. and at altitudes of

and o = _tI(N_¢ + ,_, a,-) (5-t) 25,000 ft. to 120.000 ft. (Equilibrium air properties

were determined from the ll,bles prepared 1),,- the

The net mass rate of formation of atoms (u'a) may now National Bureau of Standards_L)

be deterniined iii terms of these qua,ltities to give (e) Wall temperatures from 300 ° K. to 3,000°K.

w._t = (.lI.,'2)(dN.<'dt) ") Wherever possible, only one paranieter or bound'lry

---. --(2Kio3T-I'_,"M ",') X ! (55) condition was varied in a series of calculations in order[(1 + cj)(c,, 2 -- ca2)"(I -- ca+:_)] ' to deternline its individual effect. It was ,lot believed

Neglecting the term (1 -- c.t_:_-), which does not vary necessary to establish such effects for alI possible corn-

by 25 per cent in the cases considered, the relevant binations of the remaining parameters. Tables giving
the rabies of the parameters and the boundary Colldi-

source term in tim diffusion equatiou (30 for atoms re- ti-ns fi)r each computation may be obtained directly

dllces to from the authors.

{2(,I,,, 'dx).,} '(w, 'p) = - [Kff, ?r,- a.s:'61?(du,'d.v),] X The heat-transfer parameter (.Vu "%//Q_-(') determined

_0-a-S(cA'° -- C "l .t_:')'(l + c4)} (56) from each integration depends m,t only upon the

parameters and boundary values of the dependent

where 61 is the universal gas constant. The coefficient variables involved, but also upon the assumed variation

of the term in braces on the right of Eq. (56) contains of viscosity with temperature and composition. In ad-

all the dimensional effects of the finite reconlbination dition, further simplifications as explained below for the

rate problem, and will be termed the recombinalion rale individual cases were also made. In order to make the

paramcler (C,)--i.e., results less dependent upon the specific assumptions

C1 _Kjp_'T,-a's61-_'(du,,'d.r), -1 (57) made, the heat-transfer parameter was numerically

' correlated with the parameters and boundary values in

The term (du¢:dx),-t is approximately the time for a what seemed to be a suitable manner. It is believed that

particle in the free stream to move a distance equal to n,)t too widely different assumptions wouht give results

the nose radius, and thus also the time f.r a particle to which would fall within the same con-elation.

diffuse through the boundary layer at the stagnation

point. The factor which multiplies it iu Eq. (57) is the (8) THE I_QUII.IBRIUM BOUNDARY LAYER

reciprocal of the lifetime of an atom, so that the recom-

bination rate parameter is the ratio of the diffusion A frst series of equilibrium boundary layers was

time to the lifetime of an atom. Because the diffusion computed by solving Eqs. (35) and (::17) slnmltaneously

time contains the body nose radius while the lifetime (hereafter denoted as .Method I). The solution requires

does not, a scale effect is i||troduced by the chemical specifying p,,"p and 1 = puZp,,t,,_ as functions of g,

change which is not accounted for in the Reynolds typical variations of these quantities being shown in

Number. Thus, similar flows require equal Reynolds Fig. 1. The calculated values at various altitudes of

Numbers and recombination rate parameters, interest are compared with the fitted curves used in the

A term similar to the left side of Eq. (.56) appears in computing program, from which it was concluded that

the energT equation (:1t3) except that it is multiplied by there was a negligible effect of altitude variation on these

a dimensionless dissociation energy. A part of this functious. Specific details of the method of calculation

term, Ew,ll,, is negligible since _w, = 0 and h_ per unit are given in the Appendix. It was found that moderate

mass for vibrationally excited molecules and atoms are changes iH the distributiou for identical end values re-

nearly equal, being in the ratio 9,'I0. sulted in negligible changes in the heat-transfer par-
ameter.

(7) NUMERICAl. SOLUTIONS For Lt = 1, the equations are similar in form to those

solved by Cohen and Resllotko, x° and become identical

The boundary-Iayer equations derived above [Eqs. at low enough stagnation temperatures when 1 is ap-
(34) through (37)] can be put in a form suitable for

proximately constant. Solutions were_btained f()r the
numerical integration. The details of how this was

range of vch)cities and wall temperatures given above,

done are given in the Appendix. Numerical s()h, titms and the heat-transfer parameter was found to dcpeud

were obtained by use of an IBM 650 digital computer, only upon the total varia_i<m in alz across the b,_undary

Many combinations of the parameters a, L, and C_ layer, in accordance with the relation
are possible, as well as extreme ranges in the free-stream

(stagnation point) and wall boundary values. It was Nu,/v/_ = O.67(p_,_,_zp,,u,,,) 0,4 (58)

: a; ; therefore decided to restrict the solutions to the follow-

ing values: The numerical corrvlation leading to Eq. (5'-;) is shown
in Fig. 2. The s<)lution of Cohen and Reshotko |° for

(a) a = 0.7l 1 = 1 is also plotted, after correcting for Prandtl Num-

(b) L = 1.0, 1.4, 2.0; L r = 0 ber by multiplying their result by (0.71)°-L
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ENTHALPY RATIO g

Variation of ptz,tp,,/au, and p,/p through a stagnation
l),,iut l),,undary layer, shown as a ftmcti, m of enthalpy ratio g.
Stagnati, m conditions are for a flight vd,,city of 19,700 ft. per
.,_'c. at varimlS altitudes. 7",o= a00°K.

An alternative procedure for the equilibrium botmd-

ary layer is to solve Eqs. (34), (35) and (36) simultane-

ously (hereafter denoted as Method 2). An appreciable

simplification results if we consider air to be composed

of only "air" nloleetlles and "air" atoms having an

average heat of formation given by

ha ° = Z c,,(-h,°),/ X c,_ (59)
atoms atoms

i.e., ho is the dissociation enthall_y per unit mass of air

in the external flt,w. The numerical results are plotted

iu Fig. 3 for comparision with Eq. (60).

It was also possible to determine the effect of Lewis

Number from tile Method I computations by evaluat-

ing the additional ternl in Eq. (37) involving (L - 1)

from the equilibrium properties of air. (The approxi-

lnation for this evalnati(m is discussed in the Apl_endix. )

Two such cases were COmlmted ,attd the results are

plotted in Fig. 3 for comparison with Eq. (60). While

there is some disagreement with the results of Method 2,

it is not to() unreasonable considering the many different

approximations involved in fitting curves to the fmlc-

tions I, #p, etc, It is the authors' opinion that the

Method 2 solutions give a better indication of the Lewis

Numl)er effect for the equilil)rium botnldar T layer, as

embodied in Eq. (130). Ilowever, for Lewis Nunlber

unity the effect of pv variation is believed to be better

given by the results of Method 1 [Eq. tab;) ], so that the

total effect may be obtained by combination of Eqs.

(58) and (60) in the form

Nu,."%/Re = 0.67(pda,,/p_,,u_) °'' X

{1 + (L °.'' -- 1)(hz,/h,)} ((;2)

The stagnation point heat-transfer rate for , = 0.71

thus beeontes, by virtue of Eq. (45),*

q = 0.94(p_u,,)°.'(p,/a,) °'' X

{ 1 + (L °.'' - ])(hD/It,)} (h, - tt,,)%/_ (63)

It is interesting to note that the external flow proper-

ties are nmeh more important than the wall values it]

determining the heat-transfer rate, so that the uncer-

tainty in the heat transfer is about 40 per cent of the un-

where the stlnlmation extends over atomic oxygen and * For _, not equal to 0.71, it is reeomlnended that the factor

nitrogen only. Thus only one diffusion equation (34) is 0.94 be replaced by (0.76 _--0.,).

needed for the diffusion of air atoms. With this simpli-

fieaticm the equilibrium boundary layer may be treated to| ] ---

I)v elinfinating the ternt involving w_ between Eq. (:34) [ t

- 0.8 ....

att(t (;16). A solution is then possible when (v and I are o-METHOD REF I0"---._

specified as functions of s.t attd 0, attd s,t is specified as X-METHOD

a function of 0 through the known equilibrimn atom 06 --

fraction as a function of tenlperature. (Details of tim

approximations made are given in tile Appendix.)
This alternative solution was found to give very 04 ......... _._ ......

cl,_s,.ly the same results as the .Metlmd 1 for a Lewis =[L_ __ _v,.o.4Nnnlber (,f unity, and the results are compared with z 0.67 %,_,----_.

l'q. (Sq) in Fig. 2. For a Lewis Number of unity,

.Mvthod '2 is t)elieved to l)e less accurate than Method 1, i.

since it involves more approximations to the real gas °:> ........

properties, k = LO

F,,r -ther values of the I.ewis Number, the effect of ,e = 0.5 ]

l.ewis Number (,n the heat-transfer parameter was found " = 0.7_ 1by ._[ethdd '2 to be best given by

(.v,. X/R,:). (.V,.'x/R/e)_.=_ = I + %, 02 04 06 0o _o

(L0.'? - l) (h,, ,%) (GO) .._,

_ht're tilt' "dissociation enthall)y" ]In is (tefined as
FIG. 2. Correlatim_ of the heat-transfer parameter ,Vu/\/'_

hi, = _ Cl,(--h(°) = h._ ° E Cl, (61) as a function ,,f the 0u ratio across the b,,undary layer, p,/a,,/p=u_,

atoms for tile equilibrium stagnation point boundary layer with L = 1.
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certainty iu the external vi'.;cosity. The l_hysieal leasml distrilmli_ms are nlarkedly different, as is the muchanisnl

for the importance of the extt.rmd visc_,sity is that the of heat transfer.
growth of the boundary Iztyer, a,M hence the heat trans-

(10) FI_ITE RECOMI_INATION RATEfcr t_ tile wal L dt, l_Clltls mostly npOll tiP., t..xtern.:l] proper-

ties. The anah_gy wilh turbt,lcnt l_oumlary layers is This most general case was solved using Meth_d 2

easily seen. with values of the recombination rate parameter (Ct)

For a modified Newt_mi:m llmv, the stagnalion point varying from zero (frozen) to infinity (equililMum).

velocity gradient is As for the fr.zen botmdary layer, the wall may be either

(du_.'dx), = (l;R)_v/_p, - p ®)."o, (64) catalytic or noncatalytic, and both of these alternatives
were calculated. It is to be expected, of course, that for

where R is the nose radius aml p_ is the ambient pres- large values of C1 (near equilibrium) there shouhl be

sure. little effect of wall catalysis, since few atoms reach the
wall.

it 4 ( '_(9) THe FR_ZF.N BoC't,'r)ARV LavrR The heat-transfer paranleter for one flight condition

and wall temperature is plotted in Fig. 7 for the corn-
When atomic gas phase recombinatlan is tlegligibIc

(C1 = 0), at, mls diffusing from the free stream will pletc range of C_. The solid lines are the tot,l heat
transfer for both catalytic (ltpper curve) and non-

reach the wall. If the wall is no_mzhd3'lic to surface
recombinaticm, the :tt_ml fraction :tt the wall will build catalytic (lower curve) surfaces. For the catalytic wall,

the fraction of heat transfer by conducti_,n alone is
Ul, to the free-stream value. On the other hand, if the

shown by the dotted curve, so that the freezing of the
wall is cahdytic, the atom concentration will be reduced
to its equilibrium value at the wall tenlperature. Inter- boundary layer as recombination slows down (C_ de-

mediate cases of wall eatalyticity are of course possible, creasing) is easily evident.
For either wall condition, Ct must change by a factor

but only these extrclnes were conmputed.
Eqs. (3-1), (35), and (36) were solved with C1 = 0 for of 10 _ in order for the boundary layer to change from

various stagnation conditions and Lewis Numbers as substantially frozen Io equilibrium throughout. Within
this region of variation of C_, the boundary layer will be

discussed in the Appendix (.Mcth.d 2).
For Lewis Number unity, the effect of the pu varia- partly frozen (near the outer edge) and partly it1 equi-

librium (near the wall). Since the recombination term
tion was very ch,sc to that f,,tmd f,_r the eqnililMnm
houndary layer by Method "2, and could suitably be ex- [t'.'q. (5_i) ] varies as T -s.5, and the temperature changes

pressed by Eq. (;5,";). For other values of L, the de- by a factor of twenty between wall and external flow

pendence could best be given by* for the ease considered, large variations in the recom-
bination rate are possible across the boundary layer,

(Aru/'X/l(c)_(A:u/Xf_e)t=_ = 1 + thus permitting it to be partly frozen,and partly in

(L °.6s -- l)(h,,,'h,) (65) equilibrium.

For the noncatalytie wall, the distributions of atom
The calculated values are compared with Eq. (65) in
Fig. 4. mass fraction for several recombination rate parameters

are shown in Fig. S. For Ca very large, no atoms reach"Yhe difference in the exponent of L for the frozen as

compared with the equilihriunl boundary layer [Eqs. the wall, all having recombined in the gas. For lower
(g0) and (6.5)] is quite certain since exactly the same values of Ct, some atoms reach the wall and, because

none recombine on the wall, a finite atom concentration
property variations were used in broth cases, and also

builds up. For C_ approaching zero, tltere is no re-
seems reasonable in view of the greater importance of

combination and hence no concentration gradients
diffusion throughout the whole of the frozen boundary exist.
layer. It can be seen, however, that for a Lewis Num-

It can be seen in Fig. 7 that a nmch lower value of C_
her not too far from unity there is little difference in

is necessary to "freeze" the boundary layer when a
heat transfer for the frozen as opposed to the equi-
librium b,mndary layer, noncatalytie wall is used than would be the case other-

wise. This is caused by the "damming up" of the atoms
A few cases for noncatalytic wall were also corn-

at the noncatalytic wall, resulting in greater recombina-
puted. The resultant heat-transfer parameter could be

lion because of high local concentrations.
given approximately by Eq. ((;2) with L -- 0--i.e., the
heat transfer becomes proportional to h_ - h_. From Eqs. (.')7) and (63) it can be seen that, for a

given flight velocity (hence 7',), C_ varies as the s@are
A comparison of the distributions of enthalpy, tem-

perature, and atom concentration for an equilitMum of the stagnation point density (and titus for strong
shock waves, as the square of the ambient density), and

and it frozen boundary layer with identical catalytic

wall and free-stream conditions is shown in Figs. 5 and 6. also as the nose radius. Thus the boundary layer
Both cases give very nearly the same heat transfer; would beconm frozen at a high enough altitude, this

however, the enthalpydistributions are slightly different altitude being less for small nose radii than for large.

- (since L = 1.4)and the temperature and concentration In order to change frtmt a frozen to an equilibrium

boundary layer, C_ must change by 101 , and thus the

* Note that Lees [see reference 7, Eq. (19)] suggested that, for density by 10 -_, which is an altitude change of about
the frozen boundary layer, the exponent of L in Eq. (65) be 2/3. 100,000 ft.
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(l 1) CONCLUSIONS

The laminar stagnation point heat transfer in disso-

ciatcd air e.m be given by Eqs. (f;3) and (I;.5) fi,r the

c_luilil_rium and frozen b_mudary layers, respectively.

These rcsttlts were computed for a Prmldtl Number of

0.71 aml fiw a Lt'wi_ Nmuber which was constant

I hr_ nigh, ,ut t he bmnMary layer.

Tlw maj,w deviali¢m in the heat-transfer parameter

frolll I]le h_w temlwraturc, perfect gas value is due t0 the

v;,xiali, m _,f r/J across the lmundarv layer. The heat

transfer [l':q. 0;3)] is mainly (lclwu(tent upon the value

_,f via at lllc outer edge of the boundary" laver.

If the wall calalvzes atomic fete, robin,lion, the t,,t_,l

heat lran_fcr is not much affectcd by a noncquilibrium

state _,f the b.t,udary laver if the Lewis Number is near

unity.

If the wall is mmcatalytic, tile heat transfer may be

apl_rcciably reduced wheu the boundary htyer is frozen

thr.ugh,mt -i.e., when the rccombimltion reaction

time beeumes much longer thau the time for a particle

todiffusc thr, ugh the boundary layer. Since the ratio

of these times depends upon altitude and nose radius,

tlwre is a scale effect which determines the chemical

state -f tile boundary layer.

APPI.;NDIX--DF.TAILS OF Till*," NUMERICAl, SOI.UTIONS

Method 1

The momentum equation for the stagnation point

Imund;try layer is given by Eq. (35)--namely,

(0",& +.ft. + (1, "_)[(P, "P)--f¢-'] = 0 (A-l)

If thermal diffusion is neglected (i.e., L, .r = 0) then

the encrg3" equation in terms of the enthalpy becomes,

from Eq. (37),

[(/ 'o)g_]. + .fg,7 +

{(/'o)_[</h,- 1,,0).'I,A(L,- l)s;./_ = 0 (.-,.-2)

or

[(l/a)(1 + d)g,], -I-fg, = 0 (A-3)

where

d _ E[c.(h, -- h,")'ho](L, -- 1)(c)s, 'c)g)v_ (..'.--t)"
(L - 1)X(h,- h,")(bc,"bh), !

where the subscript p denotes that the diffcrentiati-n is

at omstant pressure and it is asstlnled Z_. --- t = con-

stant for all species.

In Mcth-d I, which is suitable only for the equi-

libriuul t)_mndary layer. Eqs. (A-l) and (:\-3) were

solved sinlultaneously with tilt. boundary conditions

f(O) = O, .f,(O) = O, f,,(_o) = 1

_(o) = _,,_, g(oo) = l

The fu,cti_ms I, p_"p and d were evahr, dt.d from the

calculated equilibrium properties of :tir T_ and by taking

tile viscosity to vary acctwding t, Sutherlzlnd's formula

[see Sccti.n (5) almve]. For given external (staguation

point) flow conditions these quantities were ph,tted ;is

functions of g. For numerical eOmlmtatiou it was cnn-

venient to Use analytic expressions of tile f-lhmiug

fo,'m :

1_ pu/p,,_ = (._'x/g)- (._ 'g) (A-:,)

p,/p = 1 -- T,(1 -- g) -- 3'..,(! -- g)' (:\-G)

d = (L - l)Z(h,- ],,°)(Oc,'_h). = _,,,-_'" (A-7)

The ctmstauts c,, _,, f_ in each expression were deter-

mined by fitting these expressions to the equilibriuIn air

calculations (see Fig. 1).

Nmncrical s_,lutions for this problem were obtained

on an IBM GS0 computer. The method_fs-luti_m was

to pick values of f_,(()) and gv(0) and integrate tile

equations direclly, recording the resultant asympt_tic

values of.f, and g for large values of _. After three

such integrations an illterpolation will produce better

values off v,(0) and g_(0). The interpohdinn procedure

was repealed lmtil the required conditions at "infinity"

were met i.e.. f_ --+ 1 and g ---+ 1. This interpolation

was made an integral part of the numerical program so

by startiug with three initial guesses for f,_(0) and gv(0)

the program would nm automatically to completion.

It should be noted that Eqs. (A-l) and (A-3) are

formally identical with the stagnation point etluati,ms

solved by Cohen and Rcshotko m except for tile function

d [Eq. (A-4)]. If L = 1, however, d ---_ 0; thus by

specifying L = 1, 0- = 1, 1 = I and p_'p = g, the stag-

nation point solutions given by Cohen and Reshotko

could be duplicated. (A table giving the specific vah,es

of the parameters for which solutions were obtained by

the method described above may be obtained directly

from the authors.)

Method 2

This method is a more general formulation in that it

allows COnllmtation of tile nonequilibrium boundary

layer. As may be expected, however, it involves more

approximations than the rather straightforward proce-

dure of 3.[etlmd 1.

In the nonequilibrium case, the concentration of the

various species is not determined by the enthall)y and

the (known) pressure. It is necessary, therefore, to

add a continuity etluation for each species. Further-

more, it is convenient to express the thermodynamic

properties in terms of the temperature and the con-

centrations of tile species. The energytoquation should.

therefore, be writtcn in tcrms of the temperature. To

make this pmbleul tractable it was assumed that air is

a diatomic gas composed of "air" molecuk.s and "air"

:ttoms with properties properly averaged between oxy-

gen and tiitrogen. The dissociation energy- c_f an air

atom was taken to 1)e tile average dissociati_,u energy in

tile external flow [sce Eq..5!f}]. With this assulnpti, m

tilt' prol)lenl is reduccd t_ tile simultaneous soluti_,n ,ff

three e(tuati(ms (nlomet_tum, energy and ;tt(nn c()n-

eentration) and the thermodynamic prol)Cl lies art' t,, 1)e

expressed in terllls .f the [('lllpcr;ttllre alId ;tD)lll eOllCell-

trati,m.
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The lilOillenllllll equation is still Eq. (A-3), with

p,/p -- [(1 + ca),'(1 4- ca,)]0 (A-£)

I'= p_;p,,_: = [I/(I + c,dla":>(O,<,,'O)F(O)(A-9)

%', fit rc

I;,',)I_ (T,O,,"3OO)'W21tl3,l(Tfl + 1135] 4-

3.,(T,O,'lO,O0 )- - 2.35(T,0,"10,000) _

and Ihv stagnathin temperature T, is given in degrees

K<4viil. The flmctioli F(O) is a fitted curve giving the

Ivmlieralure depelldenee of the viscosity under the as-

sun|t,ti;,l| tl,'.d the atoms and molecules have the sonic

c, ,]]isi_ll cross-sect i_ms.

"l'hc cnoray equation in terms of the temperature is,

fi,,ln l'q. (3!;) with L, r = O,

[(d _')_ol, + (m_ + (l..'o)0, X

_(c,,, e,,,,)L,c,s,, + {2(du,."dx),} " X

y_,(w,,/,,,)l(s_,o- D.,)/6°.T,] = 0 (a-10)

where c _ 2pl_'_,,,

With the assunlption of a simple diatolnic gas and taking

L, = L = constant, the third ternl may be rewritten as

(LU_)O,ca, [(cv,t - c,,M)/e,,_ ]

and the fourth term, usillg Eqs. (56), (57), and ((}1),

and taking ha -= h.m becomes

G(t,,,,I6.T.) [(c. _ - CA,?)/O'*'_(I + CA,)]

x,,w + e-<"",''l

where the exponential is the vibrational heat capacity

and Tv _ 800°K. for air; also

cpa = (5/2) [6{/(M/2)]

Hence,

c _ *_,ier_ = (10/7)ca + {1 + (2/'7)e -_°r/°)'} (1 - ca)

(a-_l)

(c..4 - c,.,,)/e,_ = (3/7) - (2/7)e -(°v/°)' (a-12)

For eonlptttation then tile ener D, equation becomes

[(cl/,_)o.]. + cfO. + e(Ll/,7)O.ca. + GGm = 0 (a-la)

where

1 = ptx.fp_#w [1/(1 + 312 ,-- = c&] (O_,/O)F(o),
see Eq. (A-9)

e _- (c_a -- cp.,t)/6,,, = (3/7) - (2/7)e -Car/°)'

c _ 6,/_,,,,, = (10/7)cA +
{1 + (2i"7)e -{erIe)'} (1 -- ca)

CI = parameter, see Eq. (57)

Ca _ hv.lep_T, = parameter, see Eq. (61)

m -----(ca _ - c.4,2)/0'._(1 + ca)

The equilibriu|n atom mass fraction c.l,. call be deter-

mined fronl reference 11. For comlmtati<m ca,: was

approximated by

cae = :a,e c (i-ilO_ (A-14)

where Ca is a constant.

I'(-) I N T I I g .\ T T R A N S F I2 R

The continuity equation for atonls was written in

ternls of the :iiOlll lllass fraction c..q instead of the nor-

nlalized atnlll nlass fraction s. Thus Eq. (2t4) I)eeonies

{'2(</.</,t_-).}-'z(,,,,l,,) = 0 (A-l:,)

or

I(IL/a)CA.], -t- rca, - C,m ---0 (A-16)

Method 2 for the noneqililil)riunl boundary layer is

the simultaneous solution (if Eqs. (A-|),. (A-13) and

(A-16) with the boundary conditions

.f(O) = O, f.(O) = O, .f.(oo) = I

0(0) = O,_, O(m) = 1

cA(0) = 0 for catalytic wall "(

CA,(0) -- 0 for noncatalytic wallj c't(e_) = ca,

Solutions were ol)t:tined on a digital computer using an

itcrative procedure similar to that use(t in Method I.

Tile liniitilig case of the equilil)riuni boundary layer

was obtained by Method 2 by elinii|lating the term Cgn

between Eqs. (A-13) amt (A-16) and solving lbe result-

ing equation sinmltaneously with gq. (A-l), taking the

equilibrium atom concentration as a known quantity in

tile form of Eq. (A-14). The limiting case of the frozen

boundary was obtained by putting Ct _ 0.*
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RADIATION HEAT TRANSFER TO

HYPERSONIC VEItICLES

ROLAND E. _IEYEROTT
Lockheed Missile Systems Divls[on

Palo Alto, California

A surrey is made of tchat is known about the emission characteristics clair at tempera-
tures and densities of interest for radiation heating in h_personic flight. The problem
is illustrated by considering two examples which should corer the range of interest: a
locally hemispherical ballistic missile nose re-entering the atmosphere, and a sphere used
as a circumlunar carrier under extreme re-entry conditions. These examples are followed

by a survey of the existing theory of emissivity of air and an analysis of recent experi-
mental data.

INTRODUCTION

Tim so-called "aerodynamic heating" associated with vehicle re-entry into

the atmosphere has received wide attention of late. Temperatures have been
reached which produce considerable luminosity in the surrounding air and
which, in fact, require consideration of the radiative transport as one of the
factors determining the temperature balance of the re-entry vehicle.

Since the radiation heat transfer is determined by the emission properties

of heated air, the present paper is designed to bc a survey of what is known
about the emission characteristics of hot air. Our knowledge of the emission

properties of air is derived from only a limited amount of experimental data,
supplemented and interpreted by a considerable amount of theory, so that a
reasonably complete discussion of the problem becomes lengthy and involved.
In order to preserve the continuity of thought in the paper, the introductory
discussion of heat transfer by convection and radiation will be followed by

conclusions as to their relative importance for two examples which should
bracket the range of interest. The results of the remainder of the paper will
be employed in making this comparison. The remainder of the paper will
attempt to summarize our present state of knowledge of the emission and

absorption properties of hot air.

AEROTHERMODYNAMICS OF ttYPERSONIC BLUNT BODIES

When a blunt-nosed vehicle passes through the air at hypersonic speeds, an
overall pattern of air flow results as shown in Fig. 1. The intense compres-
sional heating and acceleration of the air are accomplished by the detached
bow shock wave. Upon traversing this shock, the air enters the shock layer,
which is, in fact, the high-temperature environmental source for the heat

. transfer. Since the radiation heat transfer is greatest at the stagnation point,

_,we_shall limit our discussion to that region. The thickness of the shock layeL
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at tile sta_l_itti,_n pohit, i.c'. tile" st:'.lld-.iYdi:;t.L11ee ¢5, d¢-pellds upon the radit,s

of the curvature/_ of the nose cone and Pl/P2, the air density ratio across the

shock. It has been shown to be approximately

6 '_ RpJp2 ( 1)

The tt-mperature in the shock region is reasonably uniform across the

shock layer except for the extremely thin boundary-layer profiles immediately

adjacent 1o the surface. The temperature and density of the air in the shock

/.\'_._..."..','_:.3,_ BOUNDARY LAYE[R_._ /

I_KOION

_":_ _ J :":£_ • T/I.6.NSITIOI_I

FiR. l. Flow ;Oatfern around li_Oersonlc vehicle nose

layer depend upon the velocity of the missile and tile temperature and

density of the ambient air. The convective and radiative heat transfer

depend on density and missile velocity in a different manner. At the stag-

nation point, the convective heat flux, assuming a laminar boundary layer

qo depends to a good approximation on air density p, missile velocity U, and

radius of curvature R, as

q__., (pl1_)'_u_ (2)

while a fit to the emissivity of air data gives for the radiative heat transfer

at the stagnation point

qr ,-.a p_12RU 10 (:3)

We see here that the radiative heat transfer will be relatively more important

for bhmt bodies, high velocities, and high densities.

The _ituation in which one is most likely to be concerned witi, the radiative

heat transfer occurs during re-entry of vehicles into the atmosphere. Under

re-entr.v conditions, the radiation contribution is likely to be largest at

intermediate ahitudes (70,000-200,000 ft) where the velocity of the missile

is still high but where the ambient density of air is appreciable.

In order to be more specific, we shall consider two examples to illustrate

the problem and the magnitude of the radiation heating contribution.

Example I: A locally hemispherical ballistic missile nose of radius of

curvature 2 ft with a re-entry velocity around 25,000 ft/sec at 120,000 ft

altitude. We shall only consider the heat load for typical weight/drag

situations.

Example 2: A sphere used as a circumlunar instrument carrier of 18 in.

radius re-entering the atmosphere at normal incidence with a speed of

35,000 ft/see. This ease has been treated by GAZL_Y and M*sso_ _ and

illustrates the magnitude of the heat load for extreme re-entry conditions.

For the ballistic missile example, typical shock-layer conditions at the

stagnation point for peak heating are temperature and density in the range

8000°K, 0"075 of normal atmospheric density to 7800°K, 0.293 of normal

_p
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Fig. 2. Heating rate during direct rt-erdry of circumlunar versicle

atmospheric density respectively with stand-off distance of about 1.6 in. for
the spherical nose of 24 in. radius of curvature. For the circumlunar instru-

ment carrier, the corresponding conditions are temperature and density in
the range 11,000°K, 0.014 of normal atmospheric density to 7500°K, 0.43 of
normal atmospheric density with stand-off distance of about 1"2 in. for the
sphere of 18 in. radius.

For the ballistic missile case, the peak heating occurs for typical conditions
at altitudes in the neighborhood of 100,000 ft. Typical convective heat flux
for a laminar boundary layer at the stagnation point is 775 B.t.u./ft I sac while
the radiation heat-transfer flux is 75 B.t.u./ft = see. The radiation heat flux
contributes only about 10 per cent to the heat load for this case.

For the circumlunar vehicle, the surface heating rates as computed by
GAZLEY and MASSON: are shown in Fig. 2. At ahitude from 70,000 to
150,000 it, the principle contribution to the heat load is that due to radiation.

The results quoted in the above examples are based on the experiments
and theories discussed in the remainder of the present paper. It can be said
that, for the ballistic missile case, the radiation heat transfer is sufficiently well
known that its relative unimportance can be demonstrated. For the circum-
lunar vehicle case where, as we have seen, the radiation heat transfer

predominates, there is still enough uncertainty in our knowledge of the
emission coefficients of air to limit the accuracy of that calculation. At the
higher temperatures and lower densities there may be uncertainties of as
much as a factor of 2 in the emissivities and hence the radiation heat transfer.

CALCULATION OF THE RADIATION HEAT TRANSFER

FROM THE ABSORPTION COEFFICIENTS

_,Ve shall consider the radiation heat transfer at the stagnation point only,
where the radiation heat load is greatest. The radiating gas will be considered

¢P

to be an infinite slab of thickness equal to the stand-off distance _, of uniform
temperature Tj, and density p,, equal to the stagnation
temperature and density of the gas. It will be assumed T.
that the collision frequencies will be sufficiently high so
that a true particle temperature exists, i.e. local thermo- -'"0"{'"i_--"-: dA

dynamic equilibrium, ifllIf I,(0) is the energy in the frequency range between .....

- I, and v -_- dv incident per unit area into a solid angle /-"

doJ making an angle 0 with the normal to the slab, then d
/, is given by < >

7O



x,(0) = p,(_-,) [l ....exp (-/,' _ sec 0)] (4)
?p, =/_, [1 -- exp (hHkT,)]

where

/_, is the absorption coefficient at frequency v,
h is Planck's constant,

B,(T) is tile specific intensity for a black body

B,(T) dr = (a/Tr) TiP(u) du,

where u = hv/kT,

a is the Stephan-Bohzmann constant,

P(u) du is the fraction ofthe energy of the Planck spectrum which lles in the
frequency range between u and u -_- du.

The total energy qr transferred per second to a unit area of the surface is

f0_° f "/'_, = 2,r d_ A,(OlZ(O) cos 0 sin 0 d0 (5)
J0

where

A,(O) is the absorption coefficient of surface at the angle of incidence 0
and frequr:ncy v. Using Eq. (4), Eq. (5) becomes

• :: Y:q, = 2_, B,(T,) d,, A,(0)[! -- exp (--/,', ,_sec 0)] cos 0 sin 0 dO (6)

For points on a missile other than the stagnation point, the present treatment
does not approximate the true situation since I, depends upon the azimuth
angle _ as well as 0 considered here.

The expression for the total radiation flux F incident on the surface can be
obtained by putting the reflexion coefficient A,(O) equal to unity. When
tt',6 _ 1, the expression for the flux F is approximately

F'_ 2 _r6 ' ' dv (7)/,,R,(7)

According to the definition of B,(7'),

I:F __ 26 oT_ _'_P(u) du (8)

Hence, we see that for tl,_5 _ 1, the emissivity E becomes

, = 26 t'_ P(u) du (9)

As can be seen from Eq. (6), the radiation heat transfer can be evaluated
provided one knows the absorption coefficient /l, for all frequencies at the
required temperature and density. Most of the remainder of this paper will
be concerned with a discussion of our present knowledge of the absorption
and emission coefficients of air.

ABSORPTION AND EMISSION PROPERTIES OF AIR

Theory

There are a large number of constituents present in dr), air in the tempera-
lure and density range of interest for the present problem. The most
important of these according to abundance are Na, O2, NO, NO:, N, O, O-,
N +, O_, NO _-, N ÷, O _, CO._, CO and CN. The contribution to the
absorption coefficient made by each constituent at a given temperature and _,
density is determined by its concentration at that temperature and density
and by its radiation properties. The concentrations of tile important species
are now well known from ttle work of (;It.MOdE; s thus tile problem is
reduced to that of determining the radiation properties of each species.

The contributions to the total absorption coefficient can be conveniently
divided into two classes: those arising from the continuous absorption

." _ " transitions and those arising from the discrete transitions, i.e. line spectra.

i The contributions from the continuous transitions depend only on the

T_ 71
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] , _mb<'r ior the Iransition, while those from tile discrete transitions depend

'+_ ,ii _he !i;w v:;,l:l. m' spaeinlff as well as the f-number.

-; ,,,ii,::,;,u_ +_b_,.',tion'oss-seclions--Yhe contributors to the continuous

'!. _,q_:,¢a .,-u. ;qic:m+:-¢+" importance are NO,, photoelectric absorption hy

t, !.':_5 + ',• ,i_,,.l c:-._e-+_c,: absorption by eh'ctrons in the field of both positive

*..... _ :u-:';:_,,'g,-,+ _nd nitrf_gen atoms. Only those species will be considered

_;I,, !, ar+ <,] importance fi>r tt'mperatures in the neighlu)rhood ol'8000°K of
i+,a, r_._t ibr radiation heat transfer in hypersonic flight.

+ _ Photoelectric cross-section---The l)h<)tuclcctric cross-sectim_ of O + has been

'"¢ 4_;tered by BRANSCOMn and Storm a They used an analyzed beam of O-

i''":m i'_ a mass spectrometer and have measured the photo cross-section fiom

t],: _,t,paren t threshold of 1-45-3 eV. A fit to their experimental cross-

st, Jiun, cr in cnq+, in this energy range is

10tsa =- --26"4 q- 23'7¢ -- 3-82_ 2 (10)

x_i,.,,. _ i_ the phot_m cnerg.v in clcctron volts. This experimental cross-

s,, _:'m is i_l r+mgh agreement with that computed b\" BATEs and _[ASSEY, 4

t "_+_tunp< ]y, neither the experime,md nor the theoretical values are

a'.-';b, ble for c _> .t e\'. The theoretical work of BA'rEs and Massv.v indicates

• :t tl .'_+,h_ offof tl_,,-ci_._+S-scction at around 4 eV. At very high energy b.v

• <:,, it ..... ._ ":'_ qt_.lr't '[-;i_:,|,'_ cross-sections, one would cxpect that the cross-

s+ + !i_,n wou!d vary al3th+6ximatel.v as (-3. We have available an approximate

su,_+ rule r':'::,g that, for one electron transitions, Zf__ 1. This may be

ext'_, ted t_, bc the order of magnitude of the sum in this case, ahhough since

c,u,. ich'rable polarization is involved in the O- binding energy, the sum may

e_ + ++exceed unity.

-_' _easonable estimate of the entire cross-section can be made by using

F'I _0) from 1'45 to 3 eV, assuming a constant cross-section from 3 eV

t,, :.'.too point q and one varying as ¢-a fi'om q to oo. One can use the sum

_,i, t:, evaluate % which turns out to be 7"5 cV, making the cross-section for

• t_++.ater than 7"5 eV

.. .... . .. 10_t_ .= (7-3)3(-a

_ i, N, N= Photoelectric cross-sections--The photoelectric absorption by O,

N "!,d N, in their excited states lies in the fi'equency range of interest for the

P_ ..... nt problem. The photoelectric cross-section can be written

4_ta0 _ df (11)
opE -- Z_ dv

_. = fine structure constant

% = Bohr radius for hydrogen

_., --= effective charge (to be taken as unity in the present application)

d l ,I, -- change in f-number per Rydberg

t,,r the present application, we are interested in transitions from the

ex, +_,'d states ofO, N and N_ from levels that would correspond to principal

(lu'l,_tum number n = 3 or higher in hydrogen. Since the excited states more

r:, ,, i,. appro_m.a.:e the hydrogen-llke situation than the ground state, dfflh,

is _"'bnated by comparison with the hydrogen-like case. The photoelectric

cr,,.._ section ,,'aries approximately as v "-'a from any particular photoelectric

ed_+. which implies the same variation in df/dv. For hydrogen, levels of

In _',' ipal quantum number n ,-_ 3 have a total f-number in the continuum

<,1 "'!_ut,t 0.2. '_Ve ttse these facts to evaluate df/dv. This gives

dr/dr-- 0.4 ,{/,,a (12)

_,h_ _e v, is the frequency correspondinq to the ionization energy of that h:vel

ex!:+,_sed in Rydberg units. The photoelectric absorption coefficient is then
+

t,Pv..= 3", 1.6: _,:o (ql,a) (]_)
+

_ h, te N_ is the number of atoms or molecules per cubic centimeter in the

slat, i, and v is tim frequency expressed in Rydberg units. Expression (13)

|,i, 'licts the absorption coefficient of neon in the ground state for a frequency

_'! t, _-_- I Rydberg above the absorption edge to within a factor of 2.
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l._,m_l_crfin"tl:ctr::_,:.i_bm,while those from the discrete transitionsdepend

up.n the line widt!h a:.l spacing as well as the f-number.

_ Co,_tinuous abJorption cross-._ecti,ms--'Fhe contribt, tors to the contimlous5/__. . absorption coefficient of importance are NOz, i_hotoeleetric absorption by

.... _ O , O, N, and free-free absorption by electrons it) the field of both positive

ions and oxygen and nitrogen atoms. Only those species will be considered

which are of importance fi)r temperatures in the neighborh_x×l of S000°K of

-x.F.j interest fi,r radiation heat transfer in hvlxrrsonic flight.
O-Photoelectric cross-se,tion -The photoelectric cross-sectiml of O - has been

measured by BRaxscosm and SmrH. a They used an analyzed beam of O

i| ions in a mass spectrometer and have measured the photo cross-section from

i_ the apparent threshold of 1".t5-3 eV. A fit to their experimental cross-
section, a in cm _, in this energy range is

i 101sa -= --26"-t q- 23-7( -- 3"82( _ (10)

where ( is the photon energ.v in electron vohs. This experimental cross-

section is in rough agreement with that computed by B.vrEs and MassEv. 4

_; Unforttmately, neither the experlmcntal nov the theoretical valucs are

| available for ¢ > 4 eV. The thco,'etical _ork of Barv._ and Massv.v indicates

a flattenhlg off" of the cross-section at arotln(t 4 e\'. At very high energy, byanalogy with other photo cross-sections, one would expect that tim cross-

sectiou would vary approximately as ¢-a. We have available an approximate

sum rule stating that, for one elcctron transitions, Xf"_ 1. This may be

expected to be the order of magnitude of the sum in this case, although since

considerable polarization is involved in the O- binding energy, the sum may

even exceed unit.v.

A reasonable estimate of the entire cross-secti6n can be made by using

Eq. (10) from 1'45 to 3 eV, assuming a constant cross-section from 3 eV

to some point (x and one varying as (-a from _t to an. One can use the sum

rule to evaluate q which turns out to be 7'5 eV, making the cross-section for

¢ gq'eater than 7-5 eV

10170 . __ (7,3)3c-a

0, N, N 2 Photoelectric cross-sections--The photoelectric absorption by O,

N and N 2 in their excited states lies in the frequency range of interest for the

present problem. The photoelectric cross-section can be written

4rrZ_a_ df
_--- (11)

ace = Z_ dv

vcllere

..t = fine structure constant

a 0 = Bohr radius for hydrogen

Z, -=- effective charge (to be taken as unity in the present application)

df:d)' = change in f-number per R.vdberg

For the present application, we are inierested in transitions from the

excited states ofO, N and N 2 from levels that would correspond to principal

quantum number n = 3 or higher in hydrogen. Since the excited states more

nearly, approximate the hydrogen-llke situation than the ground state, df/dv

is estimated b_ comparison with the hydrogen-like case. The photoelectric

cross-section varies approximately as v -a from an}' particular photoelectric

edge, which implies the same variation in df/dv. For hydrogen, levels of

principal quantum number n ,_ 3 have a total./:number in the continuum

of about 0.2. We use these facts to evaluate dr�de. This gives

df/dv = 0.4 ,_/,,a (12)

where v, is the frequency corresponding to the ionization energy of that level

expressed in Rydberg units. The photoelectric absorption eoefficlent is then

m'*." = _', 1"6'_ ""0_ (,_/,a) (13)

where N; is the number of atoms or molecules per cubic centimeter in the

state i, and v is the frequency expressed in Rydberg units. Expression (13)

%_..j predicts the absorption coefficient of neon in the ground state for a frequency

i of v :-= 1 Rydberg above the absorption edge to within a factor of 2.72 . ,



:5 Free-_ree absorption in the fidd of posith,e ions_-:- F,,r-ih-_:Fi:ez_(e,. al,_ori_-t_on-due

to electr(ms absorbing radiation in the presence of ions, we rise the Kramer

formula lbr hydrogen ions with tile effective charge Z, = 1. The absorption

coefficient for free-free transitions, tttt can be approximated by s

IGm_z,_ e6 N, 3,r_
t*tt-- 3\/3 hc(2mn) al'a (kT_) t/= _--T (14)

where

Z, is the effective charge -= 1

N, is the number of eh'ctrons per cm 3

_r+ is the numher of positive ions per cm 3

e, h, m, c and k are respectively the electronic charge, Planck's constant,

mass of electron, the velocity of light and the Boltzmann constant.

The line absorption coeffcient--The line spectrum of importance for this

temperature and density region in air is the many-line spectra associated with

the electronic transitions in the diatomic molccules of N2, N2+ , NO and O 2.

Thc absorption coefficient t_,..,_.,¢,3.r corresponding to a transition in the

molecule from clectronie state m to n, fi'om vibrational level v" to v', and fio,n

rotational levcl d" to d' can be expressed as _

I_,..,¢_',a'a • =-- _ v,,,,_,v-.,.a-a, Nm,_',s" 2d" -t- 1"

where

the summation is over all values of magnetic quantum numbers M' and

M', v,_,_'_'d'a" is the light frequency,

N=,_-,a° is the number of molecules per cubic centimetre in the initial

state m, v", d',

h and c are respectively Phmck's constant and the velocity of light,

is a shape factor for tile line such that j'.ae _ dv = I and,

D is the dipole matrix element.

When the total wave function is expressed as a product of an electronic

function, a vibrational function, and at rotational function, tlle dipole

matrix element D, can be written

R = 13-'. _9_i(. _i,"" (la)

The following sum rules hold

YY 2.1- -1s'wu- + I

F2

and

(17)

I/,._ I 1 (I_)

If t6,m.,,.v.a- J, in Eq. (15) is nmhiplied by dv and integrated over each line,

summed over final rotational states d', and summed over all initial rotational

states d", wc obtain the absorption coefficient integrated over the band,

tt,,m._'v', which is
8rr 3

v.,.,_-., = _ _.,.._-,.:¢,,,0-1/92"I="Im;_'l= (19)

v,,,.,,.., is some average value of v,,,,,.v-,,',3-.r. Since rotational energies are

very small compared to electronic excitation energies, this result is insensitive

to the pa,'ticular average chosen to evaluate this quantity. Nm." is the total

number of molecules per cubic centimeter in the electronic states m and

vibrational states v",

x,... = E x.,...s. (20)
dO

If ttm.,_.v, in Eq. (19) is sunmwd over final vlbr;ttlonal states v', and then

over all initial vihrational state-, _,", we obtain the absorption coefficient

integrated over tile entire band s' ;'_'m ,u,,m,

gr:a

*'.," - ah_ x_.,,.., ii):_.1' (2])
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Where v,,,. is the same average rrcqt,cncy for the electronic transition, and
N., is the re:tuber of molecules per cubic centimeter in tile initial electronic
state m,

--x,'m= _ Nm,- (22)

By analogy M,'ith atollllic transitions, one can de_lle anf-nulnber for the

electronic transition as

8_m

./;,.,- 3h,_ ,'.., ID2"I ' (23)

where
m is the electronic mass and

e is the electronic charge
It,.. becomes

t',,,,, -= N,,, -_--cf.,,, (24)
t

which is the usual expression for the integrated absorption for line spectrum
in atoms. As in the case of atoms, for one electron spectrum

X_f,,, ,_ l (2.5)

The average absolption roeffcient--The absorption coefficient averaged over
a fi'equenev interval &t, can be written

'ua" = _v , t_ dr (26)

If the region in question contains lines, the integral in Eq. (26) will be
converted to an integral over each ilne and a sum over all the lines in the

interval. According to Eq. (15), the integral over the line gives unity fi'om
the definition of _, so that fia, becomes for tile case of lines

ga, 1- A,'--]_ ,n¢/_dv (27)

Using Eqs. (17) to (23) the absorption coefficient averaged over a band of
width, Av n is

F ''° _ ,,,2f... D''¢ = (28)
mC AI' b a_rmv" rib

The average over a frequency interval that contains many bands can be
written approximately as

I _re2
,nc f.mN ,.,,. ID.. I (29)

where the sum is over all bands that lie in the fi'equency range Av. Equation
(29) is only approximate as tile boundary of the interval Av may not
coincide with one end of a band.

The average absorption coefficient is a significant quantity only when the
region in question is optically thin, e.g. so that there is no self-absorption of
the radiation in an), of the lines. In such sources, this average can be used to
predict the emissivity. In other cases, this average is useful in determining
the conditions under which the particular band system will be observable.

If the average absorption coefficient for a band system is not less than, say,
an order of magnitude smaller than the continuous background, the system
may be observable if the lines are sharp. This point will be discussed further
in the section on line widths and spacing.

The average absorption coefficient for most of the important diatomic
molecules can be computed to within a constant (the electronic f-number)
with fair accuracy over most of the frequency range of interest. Through the
work of NmHOLLS and co-workers v the vibrational transition probabilities,

D t" t_ 2rib , are reasonably well knov,'n. For the NO /3- anti 7-band systems,
extensive calculation of this quantity has also been made by KIVEL et al. a
The electronic flnumbers, howcv6r, are not known from theory, and
recourse to experiment is needed for their evaluation. They are expected
to be of the same order of magnitude as the atomic f-numbers for similar
transitions, 0"1-0'2, for allowed transitions.
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• ._ECENT CONTRIBUTIONS STIMULATED BY TIlE

• " H_'PERSONIC FLIGtIT PROBLEM

The precedi ,_:_:cdc:.: and experimental results formed tile basis of the

work by MJ'.'r_,,c,,.i 9 In that work, 0'2 was taken for tile electronic f-
_ numbers fi)r all molecular electronic transitions. Vqith the observation by

Trt.LF.R t° thatf-nmnbcrs of this order of magnitude would make ihe radia-

tion heat transfer of importance, this work received new impetus. At
around 8000°K and normal air density, the most important single contri-
butor appeared to be the fl- and y-band systems of NO. The N t first and
second positive systems and Nt _- first negative system also appeared to be

worthy of consideration. Possible contributors to the continuous absorption
of importance Were photoelectric absorption by O-, O, N and N z and free---
free absorption by electrons in the fields of both positive ions and O.

Analysis of the work by ]ViARMOxl using absorption techniques with room
temperature NO indicated that the f-numbers for the fl- and v-bands were
considerably less than 0"I. Further work by WEBER and PENNER t2 and also
by tIuRowITZ a3 using similar techniques has established the electronic f-
numbers for both the fl- and v-band systems of NO to be of the order of
0"002. Weber-_-,;zc_ ;-P.,-::-c_r obtain a value of 0.0025 for the electronic

f-number of tt-;..-_,z_:.d_ aiid Weber has shown that the electronic f-number
for the fl-ban_"_":_;-_Cak¢.i" "i:han 0-008. As we shall see, this is also in fair
agreement with hlgh-temperature results.

No reliable estimate existed for the free-free cross-section for absorption by
electrons in the presence of neutral atoms of 0 and N. This has now been
computed by HAMMERLING et al. 14 This contributior/ is appreciable at
wavelengths longer than the photoelectric edge of O-.

The remaining species make contributions to the absorption coefficient by
absorptions from excited states so that some other techniques must be
employed to evaluate their contribution. Tt-e most promising are those used
by the AVCO Research Laboratory t5 which center around the use of the
shock tube. The sb-gb _'.,!be is used to obtain a sample of gas at a known
temperature and d ":..::iCywhich can be used as a source to make emissivity
measurements. Such a sample is prepared by" creating a shock wave which is
reflected offthe end of the shock tube. This creates a gas sample ofessentially
constant temperature and density which are known from hydrodynamic con-
siderations and whose thickness increases linearly with time. The measure-

ments reported by the AVCO group are for air at a temperature ofS000°K, a
density" of 0.85 that of normal atmospheric density and of thickness up to 3
cm. These measurements include time-resolved emission spectra taken with
a drum camera and absolute intensity measurements as a function of time
and frequency made with phototubes and a monochromator. The results of
the absolute intensity measurements are shown in Fig. 3. The intensities
shown are for a gas sample 1 cm thick. The measured intensities show a
linear increase with time which is due to the linear increase of reflected shock

thickness with time. This implies that there is little self-absorption in the
sample and that Eq. (9) for small/z,_ is valid.

The theoretical emissivity is also shown in Fig. 3. The various contri-
butions to the emitted intensity are shown in Fig. 4. The major contribution
to continuous absorption is due to photoelectric absorption of O-. At
wavelengths longer than the O- photoelectric edge, the O and N free-free
transitions are the predominant absorbers in the continuum. For the

di_rete spectra, the NO/3- and x-bands have been computed with an elec-
tronic f-number of 0"008 and 0"0025 respectively. Subtracting these *"
contributions, the remainder of the absorption is due to N z fi_t and second
positive bands, N_" first negative bands, and O t Schuman-P, unge bands. In
order to fit the data, the electronic f-number for the N z first and second
positive bands were estimated by the AVCO group to be 0"07 and 0.02,
respectively. The electronlcf-number of the O z Schuman-Runge bands is
known to be 0.259 from the work of DrrcnDuruq and HEDDLE) e

"" " _'_-_-. -- _ "_'_" _ _._--=- ...... _ _,_at_*._.-_.- ........ ¢__
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The presence of tile CN red and violet bands in the spectra is expected,
since there is carbon present in normal air in the form of CO_. However,
since the normal concentration of carl)on is only about two carbon atoms in
104 air atoms, a small amount of oil impurity could easil}' contribute un-
known amounts of carbon much in excess of that occurring naturally.

04_

040

/__lO "5 BLACK BOOY

0-2 O-3 0,4 O.5 O4 O-7 O41

II_VEI.EI,_q'H ( I_Ie,qO,NS )

Fig. 5. Theoretical emissivity at T = 8000°K and p = 10 -a P0

0.9

Unfortunately, the CN violet band system overlaps the N + first negative

system, so that the possible carbon impurity eliminates a good evaluation of
the f-number for the N_" first negative band system. The contribution from
the N2+ first negative bands has been computed using an f-number of 0.2 and

is also shown in Fig. 4.
For the purpose ofscaling to other temperatures and densities, the emission

characteristics of air at 8000°K and 10 -3 normal density, and 12,000°K and

normal density and I0 -3 normal density are shown in Figs. 5, 6 and 7,
respectively. It can he seen that the relative importance of the various
species changes. At 8000°K and 10 -3 normal density, the relative impor-
tance ofN + first negative bands increases, O- becomes unimportant, and the
photoelectric absorpti_m from the excited states of N and O appears to he a
contributing factor. The CN violet band system will be unimportant at this
density. At 12,0000K normal density in addition to the N z first positive and
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second posidve band systems, the N_+ first negative system, and O- photo-
electric absorption, the photoelectric absorption from the excited states of
N and O as well as free-free absorption by electrons in the field of positive
ions contribute to the absorption. At 12,000°K and 10-3 normal density, the
molecules are dissociated and the only remaining contributors are free-free

!

F-

IS000

J0000

5OOO

BLACK BOOY

absorption by electrons in the field of positive ions and photoelectric absorp-
tion from the excited states of N and O.

While the work by the AVCO group has answered some of the most
important questions about the absorption properties of air in this tempera-
ture and density range, it seems clear that measurements at more than one

temperature and density and on mixtures to isolate particular contributors
are needed to complete our understanding. The contributions of O- photo-
electric absorption, N2+ first negative bands and CN bands are not evaluated,

or only poorly evaluated, at normal density and 8000°K. At lower density
and higher temperature the contributions due to the photoelectric absorption
of O and N in their excited states as well as free-free transitions from electrons

in fields of positive ions are only poorly known by the theory ot,tllned here.
There is also the possibility that some constituent other than those presently
considered might be a dominant one.

0=
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LINE WIDTIIS AND LINE SPACINGS FOR

TIIE DISCRETE TRANSITIONS

The energy emitted by a hot sample of air is proportional to the thickness"

ofthe gas sample provided that/t_O in Eq. (4) is small. The results so far for

the discrete transitions refer to some average absorption coefficient which

resuhs from an average over the lines, as indicated in Eq. (29). In estimating

the emissivity from thick gas sample, one needs to have the absorption

coefficient for each line, which depends upon the line width through the

factor _ in Eq. (15). An estlmatc can be obtained for tile average absorption

coefficient in each line from the average absorption coefficient fi,x, in the

following manner.

If Ii" is the width of the lines at one-half maximum intensity and S is the

mean llne spacing, the fraction ofthe space covered by lines will be W/S, and

the average absorption coefficient of a line will be (S/W)# a'. Conversely,

the emissivity in each can be computed for thin samples by multiplying the

local average emissivity b v the factor |f'/S. If this approaches the black

body resuh, saturation effects set in, and the sample can no longer be

considered thin.

The line spacing depends on the temperature and the nature of the

transition for each species. This can be obtained by estimating the spacing

at the peak intensity for the rotational lines. In Table I the spacings are

estimated for several of the band systems. Overlapping from adjacent
vibrational bands has also been included.

The llne widths depend on the temperature, density, the states involved

in the transitions, and the gas mixture. At low density the width is due to

the Doppler effect; at high density the width is due to pressure broadening.

MARGENAU I_ has estimated the pressure broadening of the NO-band lines

due to N z and obtains W = 0"3 era-I/arm of N_. This is expected to be of

the order of magnitude of the widths for the other systems considered here.

Line width measurements on cold NO have been made by WEBER; Is he

Table 1. Line spacing, Doppler widths, and ratio at 8000°K

Band system S(¢m -1 ) W(cm -l) S / W

NO fl-bands
NO y-bands
N, first positive
N, second positive
Na + first negative

2.60
I'00
0.47
0.60
1"40

0"36
0.48

0-18
0.36
0.30

7-2
2.0
2"6
1'7

4'7

S = Mean line spacing
IV = Width of lines at half maximum intensity
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fiqds the width at half.maximum to 1)e 0"10 cm-l/atm at 29fl°K fiw the

y-bands. Ile also finds, for the vibration rotation bands a width of 0.08
cm-l/atm. Us!ng micro wave techniques, Br;RINCER and CASTLE19obtain a
width of 0-11 cm-q/atm for the rotational liIles. There are no data on tile
lille widths fo,- the band systems of N z and N__ . The calculations of Margenau
would indicate that the line widths of lines in these band systems should be of
the same order ,as those of NO.

The contributiori to the width of the lines due to the Doppler effect at
8000°K is 0-12 cm -x, 0'24 cm -I, 0-38 cm -x and 0"48 cm -1 at 1.0, 0-5, 0"33

and 0.25/i, respectively. It would appear that at normal density the Doppler
width might be taken as a fair estimate of the width. These widths and the
ratio S/IV are also included ira Table 1. Sittce the strongest bands may be of
the order three times as intense as the average intensity from any band

system the peak absorption from these hand lines may be as much as
3(S]IV)t _zx'.

CONCLUSION

The progress made in the determination of tt_¢: absorption and emission
coefficients of air in the Fast 2 )ears is encouraging. Preliminary values of the
most important f-numbers for several molecular transitions are now kno_ n.

For thick gas samples when/_6 is not small, one must ltse Eq. (4) to deter-
mine the intensity of radiation. Calculations of the emissivity of NO have
been made by KIVEL, MAYER and BETHE, s and by THOMSON._ No calcula-
lions for thick samples exist which include the other important species contri-
buting to the emissivity of air. A continuation and extension of present
techniques will certainly yield the remaining values of importance to radiation
problems. Sources are now available for the study of line widths of mole-
cular lines. In the next year or so these line widths will probably be well
determined. When this is done; reliable tables can be derived for the
radiation heat-transfer problem.

The author would like to acknowledge the stimulating discussions with Dr. Bennet
Kivel, Dr. James Keck, Dr. Arthur Ifantrowitz, Dr. S. S. Penner, and Dr. Carl
Gazley, Jr., during the preparation of this paper. He is also indebted to Dr. Daniel

Bershader for much of the introductory material on convective heat transfer and to Roy
Berg and Dr. J. Sokoloff, for carrying out the computations.

SOMMAIRE

On passe en rewte ce que l'on connMt actuellement sur les caract/rlstiques d'/mission de
l'air tt des temp/ratures et des densit/s de l'ordre de grandeur de celles intgressant

l'/tude de l'/chauffement par rayonnement au tours du vol a des vitesses hypersoniques.
On illustre le probl_me en /tudiant deux problOnues particuliers couvrant l'ensemble
du domaine intgressant: le nez d'un engin balistique, loealement h/misphtrique,
rentrant clans l' atmosph/re et un vdhicule sphdrique circumlunaire rentrant clans l' atmo-
sphtre sous des conditions tr_s sgv_res. Ces exemples soot suivis par une revue des
thgories existantes sur le coeffdent d'lmission de l'air et une analyse des r/sultats
ex_O_'mentaux les plus r/cents.

REFERENCES

I GAZLEY, C. Jr. and MASSON, D.J. "Recovery of Circum-Lunar Instrument

Carrier" Presented under the auspices of the American Rocket Society,
8th International Astronautlcal Congress, Barcelona, Spain, Report 488--
57, pp. 1-22, 6-12 October 1957.

t GILMORE, F. R. "Equilibrium Composition and Thermodynamic Pro-
perties of Air to 24,000°K '' U.S. Air Force Project, Rand Research
Memorandum RM-1543, August 1955, The Rand Corporation, Santa
Moniea, California, U.S.A.

3 Bn.XNSCOM,, L. M. and SmTH, S.J. "Electron Affinity of Atomic Oxygen"
Phys. Rev. Vol. 98, No. 4, p. 1127, 1955.
BATES, D. R. and MASSE% H. S. W. "The Basic Reaction in the Upper
Atmosphere, II Theory of Recombination in the Ionized Layers" Phil.
Trans. A, Vol. 192 1, pp. 1-16, 1947; alsoProc, roy. Soc. A, Vol. 239, p. 269,
1943.

5 CnANDR^SEKIIAR, S. An Introduction to the Study of Stellar Structure p. 263,
Chicago University Press, 1939.

6 t'IERa'ZnERG, G. Spectra of Diatomic Molecules p. 38; \ran Nostrand, New
York, 1950.

80

,p



"t.JARMAL'.r,_V.R., FRASER,P. A. and NICHOLLS, R. "_V. "\qbrational

Transition l'robabilities of 1)iatomic Molecules--Collected Results N 2 N +
NO O +''2 Astrophys..7. Vol. 118, pp. 228-233, 1953.

JA_,IN, W. R., FRAs_:R, P. A. and NIc_toc_, R. W. "Vibrational
Transition Probabilitles of Diatomic Molecules--Collected Resuhs, N_ NO
02 02+ OH CO CO;" Astrophys. ff. \'ol. 122, pp. 55-61, 1955.
JARMAly, _,V. R. and NicHou.s, R. x,V. "Vibrational Transitional Pro-
babilities to High Quantum Numbers f,_r N=, First Positive and Second
Positive Systems" Canad..J. Phys. Vol. 32, pp. 201-20-t, 1954.
TURNER, R. G. and NIcnoH.s, R.W. "An Experimental Study of Band
Intensities in the First Positive System of Ni. Vibrational Transition
Probabilities" Canad..7. Phys. Vol. 32, pp. 468-474, 1954.
FI_.s_R, P. A. "A method of Determining the Electronic Transition

Moment for Diatomic Molecules" Canad. a7. Phys. Vol. 32, pp. 515-521,
1954.

NIcHOCT.s, R. W. "An Experimental Study of Band Intensities in the
First Positive System of N=. Quantitative Treatment of Eye Estimates"
Canad. J. Pfg.s. Vo]. 32, pp. 722-725, 1954.

s KIwL, B., Mt,'_'v.R, H. and BETnE, tI. "Radiation from Hot Air, Part I,
Theory of Nitric Oxide Absorption" Ann. Phys., LpZ. Vol. 2, No. 1,
1957. pp. 57-80,

g MEvw_o'rr, R. E. "Absorption Coefficients of Air from 6000°K to
18,000 ° K" U.S. Air Force Project, Rand Research Memorandum RM-
1554, September 1955. The Rand Corporation, Santa Monica, Califor-
nia; "Absorption Coefficients of Air from 2000°K to 18,000°K '' Conference
on Chemical Aeronomy, Geophysics Research Directorate of the Air
Force, Cambridge Research Center, ARDC,June 1956.
Zz_a_:orv, M. (Edit.) "The Threshold of Space" Pergamon Press, London,

June 1956, p. 259.
x0 TELCV.R, E. Private Communication.
n MARS_O, F. F. "Absorption Coefficients of NO in the Vacuum Ultraviolet"

.J. opt. Soc. Amer. Vol. 47, pp. 1186-1190, 1953.
11 WEngR, D. "Approximate Intensity Estimates for Several Ultraviolet

]3-Bands of NO" California Institute of Technology, Report No. 23,
March 1957; WEBER, D. and PENNZ_, S. S., Report No. 18, April 1956,
Pasadena, California, U.S.A.
WzB_R, D. and PVmN'ER, S. S. "Absolute Intensities for the UltraViolet

y-bands of NO" 07. chem. Phys., Vol. 26, No. 4, p. 860, April, 1957.
13 HUROWITZ, H. Private Communication.
14 HAM,_ZaHNO, P., StoNE, W. W. and KWEL, B. "Low Energy Elastic

Scattering of Electrons by Oxygen and Nitrogen" AVCO Research

Laboratory, Report Note 31, March 1957, Everett 49, Massachusetts,
U.S.A.

is KzeK,J., KtwL, B. and W_Na-_r¢_, T. Jr. "Emissivity orHigh-Temperature
Air" AVCO Research Laboratory Report 8, April 1957, Everett 49,
Massachusetts, U.S.A.

_# D_TermuaN, R. W. and H_DDLE, D. W. O. "Absorption Cross-Sections in
the Vacuum Ultraviolet I. Continuous Absorption of O_ (1800-1300 A)"

Proc. roy. Sot. A Vol. 220, p. 61, 1953; also Vol. 226, p. 509, 1954.
_ MAaOeNAU, HZNaV, "Estimate of Pressure Effects on NO--Band Lines"

U.S. Air Force Project, Rand Research Memorandum RM-1669, April
1956, The Rand Corporation, Santa Monica, California, U.S.A.

_WE_r._, D. "Absolute Intensities and Line-Width Measurements"
California Institute of Technology, Report No. 23, March 1957, Pasadena,
California, U.S.A.
Wz_z_, D. and Pr.sNz_, S.S. "Rotational Lir_e-Width Measuremertts on

NO, HCI, HBr" 07. chem. Phys. Vol. 21, No. 9, p. 1503, September 1953.
x_ Br_xNo_, R. and C^svr_, J. G. Jr. "Magnetic Resonance Absorption in

Nitric Oxide" Phys. Rev. Vol. 78, No. 5, 1950.
m THOMSON, A. "Emissivity Estimates for Heated NO" Technical Report

No. 6 Contract AFSI (603)-2 California Institute of Technology, Pasadena,
1957.



J. Quant. Spectrosc. Radiat. Transfer. Vol. I, pp 249-257. Pergamon Press l.td. Printed in Great Britain

THE COUPLING OF RADIATION AND CONVECTION IN

DETACHED SHOCK LAYERS*

R. GOULARD'J"

Purdue University, Lafayette, Indiana

(Received 13 February 1961)

Abstract--Recent studies have shown that for sufficiently high re-entry spceds, radiation energy transfer
from high temperature air becomes an appreciable part of the total energy transfer to the nose of the

re-entry body. This note is concerned with the effects of this fluid energy loss on the energy distribution
in the shock layer and, therefore, on the convective and radiative fluxes at the wall. A nondimensional

parameter is shown to govern the resulting coupling between radiative and convective fluxes. The first

approximation which consists in assuming a constant stagnation temperature layer is shown to be acceptable

for most ballistic and earth satellite re-entry problems. For larger velocities or dimensions (e.g., planetary

probes and heavy meteors), radiation losses become important and it is necessary to include the radiation

terms into the equations v.,hich determine the flow field.

LIST OF SYMBOLS

a radial velocity gradient in the shock layer

cp specific heat at constant pressure

E t_oo U_ h_,, energy flux across the shock

F equation 14

h specific enthalpy

r energy ratio (equation 13)

q_ convective heat flux to the wall

_ dimen, nless convection heat flux to the walI

qR radiant heat flux to the wall

_/R dimensionless radiant heat flux to the wall

r radial coordinate (Fig. 1)

R nose radius

t, to time, initial time

T absolute temperature

T/T,,

u radial component of the air velocity (Fig. 1)

U_ flight velocity

(equation 1)

(equation 13)

* The work described in this note was conducted by the author for the Bendix Corporation and
was supported by the Unitcd States Army Rocket and Guided Missile Agency, under contracts Nos.
DA-I 1-.022-ORD-2642 and DA-11 --022--ORD-3130.

1" Consultant, Bendix Systems Division of Bendix Corporation. •

I

Reprinted from ]. Quant. Spectr. Radiative

Transferl, 249-257 (1961) By Permission
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W

W/ C oA

Z

z

OE

X

P

maxinnma flight velocity during re-entry

air velocity component, normal to the wall (Fig. 1)

weight_lrag ratio

coordinate perpendicular to the wall (Fig. 1)

z/_

constant exponents (equation 15)

shock layer thickness

angle between the re-entry trajectory and the horizontal plane

mass absorption coefficient

density

Stefan-Boltzman constant

Subscripts and superscripts

e condition at the boundary layer edge

es stagnation conditions

oo upstream conditions

conditions immediately behind the shock

° stagnation approximation (constant properties across the boundary layer)

INTRODUCTION

THE advent of space flight has brought about the possibility of very high speed penetration

of planetary atmospheres (x). Such maneuvers communicate considerable energy to the gas

particles lying in the path of the vehicle and radiative processes of appreciable intensity

are likely to occur in the flow fields past the body. These radiation fluxes have been
estimated for the stagnation flow of such man-made objects as ballistic missiles and

planetary probes w 3).
In these estimates it was assumed that the radiation losses were only a small fraction

of the total energy in the shock layer and that consequently, taking them into account

would not appreciably affect the flow field. The properties of this flow field, notably

temperature and density, were therefore determined on the basis of the familiar conservation

equations, neglecting the radiation terms, and the calculation of the radiation losses was
based on their value.

It is apparent, however, that for increasing velocities, the radiation losses from any

group of particles streaming past the body are becoming an increasing fraction of their total

energy. As a result of this cooling effect, one can expect lower ftow field temperatures and

. consequently lower radiation fluxes than calculated for an adiabatic (loss-less) shock layer.

The purpose of this note is to try to estimate this effect.

THE INCOMPRESSIBLE SHOCK LAYER MODEL

An accurate estimate of the stagnation flow field, cumbersome as it is for nonradiative

media(4.5), becomes quite intricate when radiation fluxes are included. In general, the

difficulty lies in the integral character of the radiation term that must be included into the

already complex set of coupled differential equations of mass, momentum and energy.

P
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The coupling of radiation and convection in detached shock layers

Physically, this means that the energy balance of each elementary volume of the flow field

is conditioned by long range contributions from all other elementary volumes throughout

the shock layer.

In this paper, radiation losses will be considered only as a perturbation to the exact

Z

;TI

z: o _////////////////////,
r

FJo. 1. Detached shock layer flow at stagnation.

nonradiant shock layer solutions(4-G); we wilI make use of three important features of

these solutions in the stagnation area (Fig. 1)*:

a) The shock layer thickness 8 is much smaller at very high speeds than the radius R

8 1

of lhe body (_- -- _-_).

The shock layer will therefore be considered as a plane parallel layer in the stagnation

zone.

b) The shock layer is nearly incompressible in the stagnation area:

Pt_ -_ const.

c) The velocity component along the axis of the body is nearly proportional to the

distance from the surface of the body (_' 6):

dz
w _ -- ------ 2 az. (1)

dt

The value of the parameter a will be chosen to satisfy the conservation of-,m_m_mt

principle in the z direction across the shock:

w_ 1 p®U.,
a = (2)

28 2 p_,8

* The skillful help of T. Chen and R. Murabayashi in the calculations and the illustrations shown in
this paper is gratefully acknowledged. @

J
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This value of a is in fair agreement with exact calculated values ¢6) and in particular with

those of VAGL10-LAURIN and Fr:RRn(4_. We also note the close similarity between actual

shock laycr flow at st_gnation and tile classical potential flow.

THE TEMPERATURE DISTRIBUTION IN TItE SItOCK LAYER

An interesting property of this incompressible stagnation flow model, from the stand-

point of the mathematics of radiation (and also of those of chemical kinetics), is that for

both inviscid and viscous cases (7), the time history of the particles is dependent on the
coordinate z and not on the coordinate r(cquation 1).

Therefore, all particles entering the shock layer at a time to will be at z at a time t,
such that :

1 z

t-to-- 2aln_ (3)

These particles form a thin infinite layer of thickness Az which loses its energy at the
dh

rate: (p A z) _-per unit area. The radiative losses are made of the fluxes towards the wall

and away from it. Their total value per unit area(8) is 2 (2 p × er T4)A z where × is the mass

absorption coefficient of the gas.* No self-absorption is expected from this optically thin
medium(8).

Also a look at hypersonic flow charts _9) shows that for body velocities higher than

20 kft/sec, the kinetic energy in the shock layer is always a small fraction (.< 4 _) of the
total energy, decreasing further (9) when the velocity of the body increases to values of
interest in this study (35 kfl/sec).

For the inviscid flow in the stagnation area (kinetic energy neglected), the principle of

conservation of energy is therefore satisfied if the following two fluxes compensate-l each
other:

dh

--0_---4p×_T 4 (4)

Elimination of the time variable between equations (1) and (4) yields:

dz 2 a p dh

z 4 p × a T a (5)

Since for any gas in chemical equilibrium, the enthalpy h is a known function of the

temperature T, equation (5) gives implicitly a distribution T(z) across the shock layer. It is

also possible to bring out the shock layer thickness ,3 into equation (5) byusing equation (2):

dz 9,. U dh

z 4 p,_ × _ o T 4 (6)

Equation (6) can be rearranged as follows:

dz P,o U® h_ x,, T4,, cpdT

z 4t%,z,,_T4,_ × T a h,s (7)

* Note that 2 p x = _, this latter quantity being tabulated for air in (13),

Since, in all practical cases, the wall is assumed much cooler than the gas, its radiative emission to
the gas layer will be neglected, regardless of its emissivity coefficient, q,,
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The coupling of radiation and convection in detached shock layers

and after integration and determination of the integration constant at tl_e shock :
1

T =[1 + (_- _- 3)r I,__F -_-3 (12)

The total heat flux to the wall is the summation of the fluxes from all the elementary layers

of thickness dz:
8

qR=fdqn=f2p×cT4dz (13)
o o

or, in nondimensional form:
I

qR - 2 P_s ×_, 3 o T'le, -....... dz
Pes ×es

0
t

=q° f_a+3dz
0

Introducing a dimensionless flux 0_ =qR/q°R and replacing T by its value from

equation (I 2):
I f_+3

_ _ q__L= f [1 + (_t - _ - 3) r In _.]a-_3 d_. (14)
q° R d

0

Since r is assumed to be small, we can expand both equation (12) and the integrand

of equation (14) as Newton polynomials, and neglect the terms in powers of r higher than

one. Equation (14) beconaes.
I

qR =1 +(i3 q-- 3) F [lim | In zdz]
i/

_-._0 z

and the nondimensional radiation flux and temperature (equations 12 and 14) can finally
be written :

q,_ = 1 - (t3 + 3) r (15)

T=I +rln_ (16)

is that of the nondimensional deviations from theAnother convenient formulation

stagnation values:

A_ R qR - q°R =_ (i3 + 3) F (17)
q° R

AT = T- T,s -- (In r (IS)
T,,

which are both clearly proportional to r.

CONVECTION AND RADIATION FLUXES

Equation (16) shows that because of the continuing radiation losses, the closer the

particles get to the wall, the lower their temperature is. The temperature at the outer edge
f

v
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of the viscous boundary layer must then be lower than tile stagnation tcmperature. As a

result, the convective heat transfer is expected to be reduced because of the presence of
radiation.

As a first estimate, since radiation is proportional to the mass of tile radiant medium,

and even more dependent on temperature, the thin and cool boundary layer can be treated

as if it were nonradiant.* Its calculated thickness z_ in the case of a nonradiant gas (see

for instance o_, can also be used in equation (16) to determine the outer edge temperature.

The convective energy transfer can then be estimated on this basis.

Both radiative fluxes q_ and boundary layer edge temperature T¢ have been calculated

in four typical re-entry trajectories. These trajectories are shown on Fig. 3. The values of

qR and T,. corresponding to the maximum value of r for each trajectory, are shown on

Table 1 for a nose radius of one foot (_ _ 7, z_ -": 0.04 and In z_ -_ _3.2). Also shown

is the dimensionless convection hcat flux to the wall q_ I o---q_q _. The flux q< is roughly

proportional to tile enthalpy h, at the boundary layer edge _) and its devmtions from the
stagnation value q°_ can therefore be readily calculatedt from those of 7", with the help of
a Mollier Chart for air (9).

TABLE i.

Re-entry trajectory (R = l ft)

0E = 20°, Vr = 23,000 ft/sec,
W[C.oA = 900 lbs ft -_ (ICBM)

0E = 90°, Vt; = 35,000 ft/sec,
W/CI)A _ 32 lbs ft -2 (moon probe)

0L"==90°, VE = 35,000 ft/sec,
W[CDA _ 160 lbs ft -2 ("iron sphere")

0F = 90°, VE = 45,000 ft/sec,
I'_[CDA = 32 lbs ft -2 (Mars probe)

098--g-

0.90 0.97 0.93

5 x 10 2 0.50 0.84 0.75

assumption I" _ 1 not applicable

CONCLUSION

Three conclusions can be drawn from Table 1 and from the form of equations (15)

to (18):

1) The radiation flux in the forward direction and to the wall is, in principle, less than

the quantity q°R calculated in first approximation assuming T = T,.. throughout the layer.

2) The temperature at the edge of the boundary layer is, in principle, less than the stagna-
tion temperature. A smaller convective flux at the wall is therefore expected. This

coupling between radiation and convection is also apparent in static _s) and viscous aS)

cases.

3) Calculation of radiative and convective transfer rates by assuming the temperature of

the inviscid shock layer constant throughout (qa ---- 1, 7' -----1), is a first order approxi-

mation to the result (equations (15) and (16)); the extent of this overestimation depends

on the magnitude of F and on the boundary layer thickness.

* Flow contamination by the wall is not considered here.
l To help interpret the nondimensional data in Table !, the reader is reminded that, according to

estimates f2),q°R _ ¢o q°¢ for the first case in the table, q°R _ q"c for the second case and q*R > q"c for the
last two cases. @

\ J
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In the case of air, large values of I" correspond to high velocities, large nose radii and low

:dtitudes. From the estimates of this paper, it appeztrs that for ballistic and earth satellite

tr._jectorics, _|h-I'ROTT'S all_.l KIVI!l.'S IllSt _pproximations _-'' _) are justified for nosc radii of

the order of one foot or less. The study of the ,_lmospheric penetration of most planetary

probes and hcavy nacteors present more difficulty: it will be nccessary 1o include the

radiation terms into the equations which determine the flow past the body, in order to

account for radiation Iosscs and self-absorption. For inlermcdiate cases, such as that of a

moon probe, Ihe ;_pproxiJ_alion suggested in this paper should be adequate.
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Ablation in Hspersonic Flows

LESTEP, LEES

Summary

Ablation is tile process of absorbhlg heat energy by removal of surface material, eitht.r by

melting (possibly accompanied by v._porization of tile molten material), or by sublimation.

Recent theoretical investigations have contrilmted to our understanding of the fluid mechanics

tff ablation. The large increase in effective heat capacity produced by gaseous ablation is at-

tributed partly to the _ell-known "heat blockage" effect of mass addition, attd partly to infrared

radiation from the gas-liquld or gas-solid interface. Results of some experimental studies of

ablation in hypersonic wind Itmllels and electric-arc driven tunnels are discussed, arid the applica-

tion of ablating materials to s|mcccraft entering a planetary atmosphere is treated briefly in _rder

to illustrate the flexibility of ablating heat-sink systems.
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Pr _=

=

zxQ_ =
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Symbol s

inaxinlutn frontal area

m,/o.u,C, o
• " mass addition paratneters

m./o,u,CH _ "

specific heat at constant pressure

drag coefficient

local Stanton ntmtber, r_,J[(pcu,Ah.)].

average value of specific heat of solid ntaterial up to the melting point

width of entry corridor

fraction of melted material evaporated

stagnalinn enthalpy

h., - h,_

effective heat capacity

eoeflqeieut of thcrnml conductivity

mass fractkm of vaporizing or subliming material

heat of fusion

internal heat capacity of solid rnaterial tip to sublintation temperature; or, Lr = 3(?o,

if melting plus vaporization occurs

geometric index

rate of mass additi.nto gas boundary layer

melting rate

molecular weight

static pressure

stagnation pressure behind normal shock

Prandtl number, &v/k

local heat-transfer rate

net radiative heat transfer rate away from iuterfaee

heat released ht chemical reaction per unit mass

radius of cross-section of body of revolution

radius of the earth
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ABLATION IN tIYPEP.SONIC IiLOWS

Ro =_

I =

T =
T,_ =,
To =

U, t)

IV =

_tlA

X

y =

6T

J¢ =

V

.o =

2" t=

0E =

x

nose r;tdius

Reynolds nu,nber, u=R,j(v,)g, o

,,.Ro/_.
time

al)sohJte tcmperature

melting temperature

internal solid tcmperatnre; also initial internal temperature

components of veh,eity parallel and normal to gas liquid or gas-solid interface

gross weight

axial ablation vel<_city

axial distance, measured from nose

distance n(_rmal to interface

pror, t)rti_mality factor

slope of curve Cn/Ctt o = I -- fib
boundary layer thickness

thermal thickness, o.,"JC/tit

turbulent exchange coefficieut; also emissivity

k/p( v, therntal diffusivity

absolute viscosity

u/a, kinematic viscosity

density

Stefan-Boltzmann constant, 5.672 X 10 -_ erg era. -t deg.-* see. -t

shear stress; also duration of heat pulse

entry angle

Subscripts

e = flow qnantitics evaluated at outer edge of gas boundary layer

g = gas

i =, gas-liquid or gas-solid interface

L : liquid

0 = zero mass addition; also stagnation point (except To)

s : solid

= free stream ahead of bow shock wave

I, Introduction

ECIINOLOGICAL ADVANCES in aeronautics and propulsion are" almost always
accompanied by increased power levels and heat-transfer rates. In aircraft

internal-combustion engines the heat-transfer rates to the cooling air are of the
order of 10 to 100 B.t.u./ft._/sec. In earlier llquid-fuel rockets the heat-transfer

rates at the nozzle throat were about 400 B.t.u./ft2/sec., but values as high as

1,000 B.t.u./ft._/sec. are attained in modern liquid rockets of high specific impulse.
Peak heat-transfer rates of this same order are encountered on the "nose cone"

of a ballistic missile with a high drag/weight ratio during re-entry into the earth's

atmosphere. For a ballistic missile with a low drag/weight ratio, peak re-entry

heat-transfer rates are of the order of 2,500 to 3,000 B.t.u./ft._/sec., which amounts

to a power input of 15 kw. over an area about the size of a 4-cent United States

postage stamp.
When the peak heat-transfer rate is sufficiently low, a heat pulse _; of given

ts A triangular tlmewise distribution of heat-transfer rate is a good approxlmat{on to the heat pulse during f

re-entry.

92



I.ESTER LEES

duration al)l)lied to one face of a s()lid sial) l)roduees "l nearly mliforln temperature

increase throughout the material. In otht'r words, the material behaves like a

eapaeit-r in this regiine, and the sl;tb thickness required to l_rcxvlIt the leml_eralure

from exceeding a certain prescribed maximum value is proportional to the peak
heat-transfer rate. When the maximmn heat-transfer rate is increased, the ma-

terial nearer the exposed surface heats up more rapidly than the material farther

away, and the required slab thickness increases faster than the peak rate. At

some critical value of the l)eak heat-transfer rate (c)..... ), the maximum allowable

temperature (7",,,,_) is reached even if the slab is very thick. In fact, at this point

the material behaves like a semi-infinite slab, and (_...... .'--_ 1; .... v/p._kG,/r, where

p,, k, amt cp are the density, thermal conductivity and specific heat of the solid,

and r is the durati(m of the heat pulse. Even for a good thermal conductor such

as copper, the peak heat-transfer rate is limited to a value of about 1,(/(10 B.t.u./

fl.-_/sec, for a triangular heat pulse of 3(1 see. duration and a maximmn allowable

temperature of 1,5(11)°I?.

The strollg influence of the heat-rate limitation imposed by a nonmelting solid

heat sink on ballistic missile nose cone design and re-entry performance is brought

out very clearly by G. Solomon. l These considerations led to the development of

ablating materials that absorb heat energy by melting, and possibly vaporizing,

or by undergoing sublimation directly to the vapor phase. Although ablation is

a relatively new process to the engineer, it has been occurring in nature for millions

of years. Because of their tremendous kinetic energy, all but the very smallest

and very largest meteorites are ahnost completely vaporized during their passage

through the earth's atmosphere. Of course, the engineer hopes to bring this

rather violent natural process under careful control.

/
/

ro

SOLID

.... I _o
Fig. I. Schematic diagram of o 2-phale boundary layer over melting blunt-nosed body at high velocity.

2
...t
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Bcfi_re we c:m discuss the :dilation process itself, we must _utliue briefly tile

main mechanisms _,f heat transfc, from the gas t_ the id_lating liquid or s_litl

snrf;tce. _" :\t hypersmfic speeds, the. h,,t IZas h_ the "slmck layer" between the b¢_(ly

and the bow sh,_ck wave (Fig. l) is partly (,r fully (lissoci:ttcd. When this mixture

of atolns all(] lllt)]eell]CS enters the b_mnd',try layer, strong COllOelltratiOll gradients

are produced and hcat energy is tran_pt_rled toward lhe surface, partly by diffusion

and partly by ¢_rdinavy heat conducti, m. P, ecemlbim_tion reacti-ns occur in the

I_otmdary layer and s_mle _,f thc gas eennl)onents t11ay react chemically with vaporiz-

ing surface materhtl. ()f course, the dclails are extraordinarily complicated, but

it turns t,ut _--s tlml the e_mvcctix-c hc:tt-tr:msfer r;tlc at the gas-liquid or gas-solid

hitcrface depends primarily ,m the t,,t:d c11th;tlpy difference aet(_ss the gas b_mndary

layer, and not _m these details, provided that the nlti,_ ,_f nlass diffnsivity to therm'tl

diffusivity ,,f the gas is uetlrlv tmitv. The maximum ('fleet _f chemical reactions

on hcat-transfcr rate c_,rresp_mds t,, the rate ,,f energy transfer that w_uld occur

if all the oxygen atoms at the outer edge _ff the bmmdary layer that could possibly

diffuse to the surface ctmdfined with the surface material. _'

At hypersonic speeds, heat enerKy i_ transp_rtcd t,, the body surface also by

radiation from the lint gas in tht. sh_,ck layer. "I'hc,_retie:,l and experimental

research _' has shown that the emissivily per centimeter _f "air" in equilibrium :st

temperatures of the order of II),()II()°K. is h'ss th:m one per cent ft_r gas den;iti-s

in the shock layer less than ten per cent of sea level density. F,_r most e _try

trajectories, the gas radiative heat-tr:msfer r_tc is much sm:dlcr than the em-

vective heat-transfer rate, but for direct entry int_ a planetary atmosphere at

near-normal incidence, gas radiation may be dominant. Radiation from the

shock layer to the body occurs mostly in the ultraviolet to near infrared portion

of the spectrmn, while radiation away fr_m_ the much co_der gas-liquid or gas-sMid

interface occurs mostly in the infr:_red to f_r-infrared. Thus, the gas in the shock

layer is nearly transparent to infrared radiation, and this mr)oh' of hc:_t tr.,nsfer is

important for high-temperature ablat_,rs.

With this summary as a background, the physical mechanisms of ablalim_

are discussed in Section II. The emphasis here is on the main processes and not

on the detailed thec,retical analyses; for these, the interested reader should consult

the ntmlerous references cited. S.mne experimental studies of ablation are dis-

cussed in Section I II. Applic:_tions of ablatingmaterials to spacecraft entering

a l)lanetary atmosphere are treated briefly in Section IV, in order to illustrate the

flexibility of ablating heat-sink systems.

II. Physical Mechanisms of Ablation

II. I. Melting. Ablation

"to AN OII.%F.RVER [ixe(I ill time gas-liquid interface, molten material appears

to be flowing toward him, as well as along the body surface (Fig. 1), and the heat

energy absorbed and carried away by this cotmtercurrent of material against the

main direction eft heat flux is the chief mechanism of ablation. The most important

physical property of a melting ablator is the viscosity of the liquid film, as shown

1

t
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originally by Sutton. 7 Tile larger the viscosity, the greater is tile flint thickness,

the tt.mperature rise across the film and the magnitude of the heat energy absorbed

by the ablator. For the highly viscous substances of interest, the velocity at the

interface in the directinn paralM to the body surface (u,) is negligibly small com-

pared with the velocity at the outer edge of the gas-phase botmdary layer (u_).

As long as vaporization does not occur, the gas boundary layer is virtually inde-

pendent of the presence of the liquid fihn, and the heat transfer rate and shear
stress at the gas-liquid interface are very nearly equal to their values at a solid

boundary at the enthall)y level h_ = h/7"_). This statement applies equally well
to laminqr and turbulent gas boundary layers.

Certain glassy subst'mces do not pnssess a definite melting temperature,
and therefore do not have a definite liqnid fihn thickness) Nevertheless, it is

helpful to visualize the process of melting ablation in terms of an effective thick-

ness, fi,., and a corresponding effective tempcrat||re rise, T, -- T,,, across lhis film.
The countercurrent of molten material absorbs heat energy at a rate given by

f'"ovc,,L(bY/_y)dy = ix,%yT= (_)cpL(7"f- Y,,,) = 0, -- _), (1)

where (_) is the average mass flux. A detailed ealculatitm 9 shows that (_) =

0.60 _hL, so that

_)_ = d/,- 0.60_hccv,(7",- 7",_) (2)

In other words, in addition to its heai. capacity up to the melting temperature,

the ablating material absorbs an amount of energy equivalent to that required

to heat about 60 per cent of the melt from the melting temperature up to the

interface temperature. When ablation reaches a steady state

0._ '_ _flL[Lm + g_(7;,, -- To)] (3)

where L,,, is the heat of fusion* (if any). 133, utilizing Eqs. (2) and (3), one obtains

the effective heat capacity, :J(?, of the ablating material, as follows:

5e = O,/_izz = L,, + d,(T,, - 7"0) + 0.60c_L(T, -- 7",,) (4)

Now what factors determine the nmgnitude of the temperature rise across the

liquid film? Without going into details, 9 we remark that this temperature rise

is given very closely by the "thin fihn" relation

0, = O, = [tz(r,- r..)]/_ (5)

and some estimate of the effective fihn thickness _L is required. By utilizing the

approximate relation rL_ = r0, = _L(uj_), recognizing that the liquid mass flux

at any station

_L pD_Ldy = apLU,_L

* tlere we are assuming that the heat energy" stored in the material by conduction is small compared with th_ IP

heat nbsorbed by ablation.

L
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is proportional to the integral of the melting rate around the body up to that

statidn, and employing Eq. (t) and tile modified Reynolds analogy

(00_,/(_,), = (h,, - h,)/(u,) (_.)-_

one obtains "

From Eqs. (5) and (6),

r, - _;,, _ [x/i;_.,T., _,(h.. - G)l[X/(h_ - h&,'._c x/i,,,.),I(.V"-/_,.) (7)

where the first bracket in Eq. (7) arises from1 the heat transfer rate 0_, and the second

bracket contains the film thickness. Since the viscosity of the liquid is a sensitive

function of the temperature, Eq. (7) is an implicit rekttion fi_r the tenlperature rise.

For example, for Corning No. 77411 glass, (vL), = 0.{)672 exp [(S720/Tt)t._t2],

where (uL), is expressed in Ib./'ft.-sec. and ?', is in °F. absolute.

The functi_m N(s) depends on the local heat-transfer rate and also on the heat-

transfer rate history over the body surface up to the point in question2 At the

forward stagnation point of a blunt-nosed body N = 2 ..... for laminar gas flow,

where m = 0 for two-dimensional flow and m = 1 for axially symmetric flow.

Elsewhere on the body surface N _ 2 "(P/Pu'), so long as the gas boundary layer
remains laminar. On the other hand, when laminar-tmbulent transition occurs

in the gas b(_tmdary layer near the f_)rward stagnation point the value of N at the

sonic point on the body surface (for example) is given]" by

where

N _-- 1.11Q,*[().lS + 0.asQ,*]

Q'* = °'°5°/2'_I_'(P_/P*o, c.)e''5(Re_)°'3°

(8)

(Sa)

Of course, these rough estimates cannot be regarded as a substitute for a de-

tailed theoretical treatmenU, _, 10-12 but they fnrnish the following important

conchlsions about melting ablation:

(1) The temperature rise across the liquid fihn is strongly dependent on

the liquid viscosity and the driving enthalpy potential (h, c - h**). At the forward

stagnation point, this temperature rise is completely independent of the body nose

radius, while for a turbulent gas boundary layer (T, -- T,_) is weakly dependent

on body dimensions through the factor Rc_ °'3° in Eq. (,qa).

(2). Evidently, the enthalpy increase across the liquid fihn is much smaller

than the enthalpy difference across the gas boundary layer, because the thermal

conductivity of the liquid is so much larger than that of the gas, while _L and _i0

arc of the same order of magnitude. Nevertheless, at hypersonic flight velocities

of the order of l,q,0f)0 fps. the additional energy absorbed by the countereurrent

1" llere 01" is the ratio t_f the turbulent heat transfer rate at the sonic point to the laminar heat transfer rate

at the stagnation point; e. g., for Re® = 10 "1 Btld tH = ], QI* _-: 3._.
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flow of liquid across this fihn amounts to about 70 per ceut of the heat capacity up

to melting for a laminar gas boundary layer, and to about 100 per cent for

a turlmlclit gas boundary layer (Fig. 2, for example).

(3) For a typical melting ablator, the totaI heal capacity is about 1,200

B.t.u./lb. for laminar gas flow and about 1,800 B.t.u./lb. for turbulent gas flow.

The restrictions on maximum heat-transfer r'ate imposed by a nonmelting solid

heat sink are removed, and the effective heat-absorbing capacity is comparable

with that of a high-temperature metallic heat shield such as beryllium. In certain

cases, infrared radiation may increase the cffcctive heat capacily, because of the

high temperature at the gas-liquid intmface (Fig. 2).

II. 3. Vaporization or Sublimation

When vaporization occurs at the gas-liquid interface, or when sublimation

takes place directly from the solid phase, the countercurrent of gas away from the
surface takes up a large fraction of the cnthalpy difference across the gas boundary

20 5500 ...... __/- I I 60-

_l == ' __
12 4500

_, _ .:.-

--7 "
" 8 4000

/

J 4 3500
-E
0

0 3000 0,02
B I0 19' 14 16 18 20

uoo_Flight Velocity, Kilofeet/Sec

Fig.2. [_quldfilmproperllesatgas-I/quldinterfaceandpeaksurfacemeltingrate--lurbL,lentgasboundary
layer at sonicpoint,altilude= 60,000 ft., Ro= 2 ft., ComingglassNo.7740, T,. = 3,000°R.

layer. A rough estimate of this heat blockage by mass addition is obtained by

considering the countercurrent mass flux ov = _il, to be constant across a layer of
uniform thickness in the main flow direction. Then

riz,(dh,/dy '_ -- (d(l/dy) (9)

where 0 = -F(y)(dh_/dy), and F(y) = k/#.p for laminar gas flow, while F(y) = p_

for turbulent flow: here, c is the turbulent exchange coefficient, or effective turbu-

lent thermal diffusivity: By defining a new variable
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Ydy / F(3 )¢

and integrating Eq. (9) across the layer, one obtains

(h.- G)/(h,,- t,,,) = (e;.,r- 1)/(e;",_- 1) (10)

(The stagnation enthalpy distribution is indicated schematically in Fig. 3.)

cording to Eq. (10),

(qo), = _i_Ah,./(e", a -- 1)

A¢-

(11)

But this expression must reduce to tile heat-transfer rate for zero mass addition

when _it_ --,- 0; therefore,

,5 = (o,u,C.o) -1
(0_),

[(O_),]a,=o
- Cu/Cn ° = .B/(e" -- 1) (12)

where B is the mass addition parameter fiTJp,u, Gto. For small values of B,

Cn/C.o _- 1 - B/2. In Fig. 4, the blocking effect of mass addition on heat transfer

for air injection into an air boundary layer is illustrated for laminar flow at the

forward stagnation point, and for turbulent flat-plate experiments at supersonic

speeds. Evidently, the rough estimate given by Eq. (12) somewhat overestimates

Fig. 3. Effect of mass addition on
enthalpy distribution(schematic).
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this effect for turbulent flow, but underestimates the effect for laminar flow because

the lanfinar boundary layer thickness is actually increased by mass addition.

Now the significant featt,re of gaseous ablation is the interaction or "feed-
back" nlechanism between tile rate of mass addition and the net rate tit which heat

energy is supplied to the gas-liquid or gas-solid interface. When ablation reaches

a steady state _xF.x = lizLLr, where Lr = aC0 (Section II. l) if melting plus vaporiza-

tion occurs, or Lr is the thermal capacity of the solid material tip to sublimation

temperature if sublimation occurs. But OXET = (00)t -- (flit,.)Lv,* where f is

the fraction vaporized; of course, f = 1 for a sublimation process. In other words,

({)o)i = _i_t(Lr + fLy). If a new mass addition parameter B' is defined by the
relation

B' = _s_dmu, C_ = f,h_./p<u<C.

then

B' = f(6),/(pa,_C,,)(L_. + fLy) = yAL/'(Lr + fL,,)

where Ah, is the total enthalpy difference (h, e - h_). By definition

c./c,,o = B/B'

(13)

(14)

and the intersection of the straight line for a given t3' defined by Eq. (14) with the

curve of Cu/Cno vs. B in Fig. 4 gives the wtlue of B, or the nornmlized rate of mass

loss in terms of known conditions for zero mass addition. In Fig. 4, f = l ; when

melting plus vaporization oceursf is a function of AhjLv (Ref. S). In any event,

* The quantity LV must include the heat of dissociation of the gaseous ablating material if dissoclatinn occurs

right at the gas solid or gas-liquid interface, or if the dissociated gas is able to diffuse back to the interface and the
interface is not catalytic for recombinatiun.S Otherwise, LI" is simply the usual heat of vaporization or sublimation
per gram of material, e_
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tile most important parameter is again the total euthalpy difference across the

layer.
A correlation _'_of theoretical aud experimental results for mass addition into

a laminar gas boundary layer shows that CH/Cn ° ._ 1 - /3B, where _ .__ O.S-t

(_lZl/"31_.) Ir'_, and N'_ and ._1_ are the molecular weights of the original gas in the

boundary layer and the injected vapor, respectively. According to Eq. (14),

for laminar gas flow

or

B _ B'/(_ + _B') (15)

B = f,i,L/O¢u, Cuo = J',Xh,/[Lr + f(Lv + /32_h_)] (16)

Tile effective al)lation heat capacity 3Qff defined by (0g)0 = _iZL_, is given by the
relation

3eett = (Lr + fLv)_h,o/Ah_ + fB_h_° (17)

where (_)0 and 2gt,0 are the heat-transfer n{te and the enthalpy difference across

the gas boundary layer without mass addition, respectively. As discussed in

Section I, the effect of combustion (if any) of the gaseous ablated material appears

as an added driving potential, or

Ah_/Lxh,o = l + AQj'Ah.,o

where _Q_ is the heat released by combustion per gram of air. According to Eq.

(17) the heat energy blocked by gaseous ablation amounts to a fraction ff3 of the

enthalpy difference across the gas boundary layer.

When sublimation occurs, or when T, is close to the local boiling temperature,

[--+ 1, and the problem is considerably simplified.* tIere

B' = Ah,/(L_. + Lr) /3 = ,_h.,/(L,. + L_ + _ah,) (18)

and

_ett = (Lr + Lv)[1 4 (AQjsh,0)]-' + t_Ah,0 (19)

Thus, the effective heat of ablation increases linearly with the driving enthalpy

difference across the boundary layer, and the relative importance of combustion

steadily decreases. To state the result another way, for laminar flow B _ 1/_3

as ]3' --.,- co, or the normalized rate of mass loss approaches a constant as Ahs0

increases. If one utilizes Eq. (12) for a turbulent gas boundary layer then B =

log_ (B' + 1); Fig. 5 illustrates this "self-regulating" property of gaseous
ablation.**

Just as in the case of melting ablation, infrared radiation can make a significant

contrilmtion to the effective heat capacity of a high-temperature ablator, ta The

* When LV >_> LT a similar simplification aeeurs even for relatively low values of f, as in the ease of II20, f

** A rougl" approximation for turbulenl gas boundary layers is 02" _' I/3 BL (Ref. 14).
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enthalpy difference Ah_ in the expression for the mass addition parameter B'

[Eq. (13)] is reduced by the factor

I 1 -- q__£__RCno/Cn[ 1 + AQ_-'_
(0_)o ;,h.,.I _

where OR is the net radiative heat-transfer rate away from the interface. When

radiation from the hot gas in the shock layer to the interface is negligible (Section

I), 0n = _eTt 4. For laminar gas flow with Cn/CHo = 1 - /3B, one finds

fAh,{1 -- [On/(Oo)o] [l + (A@/Ah_,)]-'}

B = Lr + f(Lv + B'Sh_) (20)

and the effective heat capacity given by Eqs. (17) and (19) is increased by the factor

in brackets appearing in the numerator of Eq. (20).

In general, the interface temperature must be determined by iteration

between the energy balance expressed by Eq. (20) and the equilibrium vapor

pressure-temperature curve of the material. At the interface, the mass flux of

material injected into the gas boundary layer is carried away partly by the mean

countercurrent flux and partly by diffusion. The analysis given in P, ef. 5 shows that

(KR), = B'/(B' + 1) (21)

where (Kj,:), is the mass fracilon of the vaporizing material at the interface.* For

laminar gas flow [Eq. 05)]

* As shown in Rcf. 5. chemical reactions can be included in the analysis.

P

.2
• " ; 101



1
=

ABLATION IN tlYPERSONIC FLOWS

I3' = B/'(1 -- O13) (22)

(p_.)/p ---- {1 + [(1/K_.) -- 1]_/_,,rl -' (23)

where p_.. is the partial pressure of the vapor, and Kv. is the mass fraction of tile

ablating material itself.

When f--* 1 and the radiative heat transl_, rate is small compared to the con-

vective heat-transfer rate the value of B [Eq. (20)] is not very sensitive to T, at

hypersonic speeds. A good first approximation to B can be obtained by making
reasonable estimate of T_. Then a nmeh better approximation to T i is obtained

by utilizing this value of B and Eqs. (21) through (23). It ar'_,ears that T, adjusts

Fig. 6. StagnaHon-poln!
heat of ablation measurements

for Teflon, compared with

theory.
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itself at hypersonic speeds to a value determined mainly by the energy balance and
the blockage effect of mass addition on heat transfer.

To summarize, gaseous ablation produces a substantial increase in the effective

heat capacity of the material by means of the blocking effect of mass addition on

heat transfer to the interface. In fact, the effective ablation heat capacity in-
creases almost linearly with the external stagnation enthalpy, and can reach values

of 5,000 B.t.u./lb. for laminar flow and 2,500 B.t.u./Ib. for turbulent flow at flight
speeds of the order of 20,000 fps. To put it another way, the normalized rate of

ablation _fl,//pd_,Cno becomes virtually independent of the driving enthalpy differ-

ence across the gas boundary layer when this enthalpy is large compared to the
intrinsic heat capacity (Lv + Lr) of the material.

III. Experimental Studies of Ablation

BECAUSE OF TIIE SEVERE CONDITIONS encountered during ballistic missile

re-entry, most of the earlier experimental investigations of ablation were concerned

with the mechanical properties of ablating materials. These studies were carried

out with the aid of high-temperature sources that could readily be made available,

including oxy-acetylene torches, solar furnaces, and rocket exhaust jets. Although
such tests provided nmch wfluable practical information, it soon became evident f

"1_ 102
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that one must duplicate, or at least take into account, important parameters like

al,,/(Lv + LT) O,JO_

duration of the heat pulse compared with time required to reach steady-state

ablation, etc., before experimental results could safely be extrapolated to hyper-
sonic flight conditions.

Experimental investigations of ablation, guided by theoretical considerations,

have been conducted in air plasma jets, or arc-jets, capable of providing a wide

range of stagnation cnthalpies up to salcllite-entry con(titions. '5, _6 Adams '4 has

given an excellent review and evaluation of such studies. Perhaps the most

striking result is the experi,neuta] confirmation of the blocking effect of gaseous

ablation on heat transfer (Section II. 2), at least for laminar flow. In Fig. 6, we

reproduce Adams' plot of ,qC.. for Teflon vs the driving enthalpy difference Ah,0,

I001 (;amphot, C boH_60

| Ptg$$uro, fr, m HO
I x I-I". I , 2 , 6 o 2o 4o 6o ,oo

_= ............

. -- - 500

/,
0 20 40 60 80 iO0 120

Surfoc41 _'OtnperOfotl • C-

Fig. 7. Mass addition parameter vs

surface temperature

as obtained by General Electrie '7 and AVCO. 's Even the slope of the experi-

mental curve is in good agreement with the theoretical prediction when proper

account is taken of the molecular weight of Teflon (C._F4). Another important

result is the experimental confirmation of the I3ethe-Adams 8 predictions of 3C_tf

vs Ah, for a melting-evaporating, highly viscous substance, such as quartz. As

Adams _ points out, it is essential to estimate or measure the high temperatures

at the gas-liquid interface (or the net radiative heat-transfer rate), before the data
can be interpreted. If proper allowance is made for radiation, the results of the

earlier tests on quartz and reinforced plastics _9 in rocket exhausts correlate fairly

well with arc-jet experiments, in terms of the parameter AhJ(Lv + Lr).

By developing and extending the arc-jet facility to provide higher supply

(or test section) pressures and larger model sizes, ablation experiments can be

--x ..i';
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I_erformed with a tnrhuh'nt gas botmdar 3" layer; the results of such experiments

_lt AVCO should be available sho'tly. Ablati(m studies are also required at tile

high stagnation enthall_ies corresponding to super-satellite speeds (Section IV),

where electronic heat transfer may enter tile problem, and in gases other than air,

in order to simulate the atmospheres of other planets.

Ablation experiments in a high-temperature facility usually consist of measure-

ments of mass loss in a certain time interval, and the hot jet is calibrated in terms

of the melting time of a known sample, such as a copper hemisphere-cyli||der.lS' IG

For certain purposes, such measurements are sufficient, but it wouhl be desirable

to study the fluid-mechanical aspects of ablation in some detail under carefully

contr,,lled comliti_ms. Kut)ota _ has examined the possibility of providing a

sufficiently wide range eft the abtalion similarity parameters (Section ]I) in a

|noderate-temperature, continuously operating, hypersonic Wind tunnel. Since

the driving enthzdpy difference is much lower than in flight, materials with relatively

low values of iutrinsic heat capacity (Lv + Lr) must be selected. In addition,

the vapor pressure of such materials at low-to-moderate temperatures must be

of the same order as the local static pressure at the outer edge of the bounda W

layer. By e1]lploying relations similar to Eqs. (1S), (21) and (23) (Section II),

Kubota prepared charts ¢)f the mass addition parameter ]3' vs surface temperature

under hypersonic wind-tunnel conditions for tI20 (ice), CO2 (dry ice), and CI,_H160

(camphor). Fig. 7 shows one such plot for camphor. According to this chart

values of B' larger than unity can he attained in the GALCIT hypersonic tunnel

(Leg 2) operating at slagnation tcml-,eratures of around .t00 to 500°C. Under

these conditions, the mass fraction of the vapor at the gas-solid interface is larger

than 0.50.

At sufl_clently low local static l.' essures, H.,O (ice) does not melt, but sublimes, 13

Fig. 8. Surface temperature in H_,O (ice),

hemlsphere-cylinder.

°tO

o

= -20

E

g
o'1

-4C

-50
0

Po = 2.0 ofm,

To= 149° G.

Moo = 5.7

0
0

0

! l [
i 2 3

Oistonce From Nose,Oolibers

104

4(1=



i

o

o

g

O2

OI

0 5

Po = 2 0 otto

TO = 149° G.

Moo = 57

°Oo_ o /r,,.o,,
o o o l o o o o

o o OoO o _-__

I I l I

J ;Z 3 ,4

Oisfoflce From Nose, Calibers

I.ESTER LEES

Fig. 9. Ablatlor_ heat-

transfer ro/e along cylindrical

surface, H.,O (ice) model.

and tile heat of ablation is about 1,000 B.t.u.,:lb.; thus B' is very low in the

GALCIT hypersonic tunnel. Ablation measurements on H:O (ice) can be re-

garded as a convenient "base-line" for evaluating experimental techniques. Ku-

bota 'a measured the ablation rates and surface temperatures on a water-ice hemi-

sphere cylinder model at the staglmtion point and also on the cylindrical afterbody

(Figs. S and 9). .\grcemt,nt between laminar lhcor 3" and experiment is encourag-

ing, and indicates that useful information about the ablation process can, in fact,

be obtained. Similar experiments on camphor models are now in progress. De-

tailed ,neasuremcnts of such quantities as vapor concentnttion in the gas boundary

layer should also be feasible.

Because of the comparatively lmv heat-transfer rates obtained on models in

a moderate-temperature hypersonic tunnel, the ablation process is "stretched out"

in time, and studies of the time required to reach steady-stale ablation can be

made. AImther interesting question suitable for investigation on this longer time

scale is the feed-back mechanism between the changes in body shape I_rought about

by ablation, and the distribution of static pressure and heat transfer rate around

the body surface. For example, one would expect that a hemispherical nose

becomes "flatter" with time, until the heat transfer rate is nearly uniform across

the face.* On the other hand, along the cylindrical aftcrbody the pressure is

nearly independent of local body shape, and decays inversely with distance from

the nose, according to blast-wave theow. If r,(x) denotes the radius of the body

cross section, the condition for a steady "cquilibriun_ shape" is

(br,/Ot) + w4(bro/'_)x) = 0

where _.._ is the constant axial "velocity" of ablatiou. But

p.(_.r°/_t) = - (0.,,.at,..)

* I_adlallve heat trans[t'r and internal heat et,ndtzethJn must also, be (ake|l in(,= aeetmnt.
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sn tlmt

Or,/O.r :-- (¢L),,/mw._.%u

In general (0_)0 is a complicated function of static pressure distrilmtion and body

shape. Suppose we make the rnugh approximation that (0_)0 _ V'/_. Then

Or,'O.v _ %//J -,-" _¢/l_;-x, or r0 _" V/.7"; in other words, according to this rough
calculation, the equilibrimn afterbody shape is a parabola of revolution, provided

the nose is quite blunt. A somewhat more careful theoretical and expcrhnental

study of this interesting problem would be worthwhile.

IV. Some Applications and Future Developments

]']F.CAUSF_ OF TIlE high stagnalirm enthalpies associated with the entry of

manned or unmanned satellite vehicles and spacecraft into a planetary atmosphere,

the effective heat of ablation should lm large (Sections I[ and III), but the require-

ments imposed on ablating materials for this application are quite different than

for ballistic missile re-entry. For example, when re-entry is initiated from a

circular satellite orbit the entry angle is normally very low (<2°), because of the

prohibitively large retrorocket weight required for a steeper descent. The maxi-
mum convective heat-transfer rates for a typical nonlifting vehicle '° arc about

65 B.t.u./ft.-_,/sec., or less than one tenth the values encountered by a ballistic

missile, and the duration of the heat pulse is about 250 see., or ten times longer.

Under these conditicms, a high-temperature ablatar will radiate rather than ablate,

so that a moderate- or low-temperature ablator is required. Even such a material

reaches steady-state ablation only after a certain time interval. =_ If the counter-

current mass flux of liquid or solid material is regarded as a constant, the effective

thermal depth s, l_ 8T is proporlional to aC/v = p_N/#z, where 3¢ = k/p_cp is the

thermal diffusivity of the material. The time r required for the heat pulse to

penetrate this distance is proportional to ar_-/aC, or

r _" (p.k/c.)[1/(,iO_-I = (p,k/c_)[(a_fd=/(O¢)d]

The low values of (0_),, and high aC,.ff encountered along a grazing entry trajectory
dictate a low-density, low-temperature ablator that is also a poor thermal con-

ductor. Of course, these physical properties are precisely those that are required

to nfinimize the problem of heat conduction to the interior during relatively long

"soak" times. For example, if the gas-solid or gas-liquid interface remains at a

constant temperature T_ for a period r', and the inner wall must be kept below a

certain prescribed maximum temperature Tin.x, then the weight/area of insulation

material required is proportional to the quantity

x/(p2,/c.)¢ ll,,g.[(7",- To)/(r,- 7"_.=)1}-'_'

where To is the initial temperature of the inner wall.

Teflon (Section III) meets these requirements to a remarkable degree. Wheg

lift is employed, however, the duration of the heat pulse increases roughly as the

1
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lift-drag ratio for a given (shallow) re-entry angle, al|d b,)th iusulati(m weight and

weight ()f ablated ||tutorial will increase. Thus, there is a strong incentive to

devel,,p materials that nblale at even I,>wvr temperatures than Tcfltm.

Because of the low heat-transfer rates experienced in grazing entry, ra<liation

from the body surface is always an attractive allcrnative. Of course, the various

proposed heat-pr<)tectlon systems are by no means mutually exclusive. One

possible combination is a matcri;d that radiates most of the heat over part of the

trajectory, and ablates only over the portion of the flight where the convective

heat-transfer rate exceeds the radiating capacity of the smface.

The situation is quite diffcre||t for entry fr()m highly ellil)tical ()rbits or from

outer space. In these ca._es, a stc,_'l>cr entry angle i_ an attractive means of alle-

viating the difficult guidance :rod eomrol lm,blcm aasoeirm'd with grazing entD _

and multiple-pass drag braking. For l()w entry anglcs, the width t_f the c||try

"corridor" in earth radii is given by

,Sd/'R_: _ I,"2(OE? -- 0+..__')

where 0±:, and 0+..:are the minimt|m and maximum allowable entry angles, re-

spectively. On the one hand, a vehicle returning from outer space at the "ideal"

approach velocity of 35,000 fps.* skips out of the earth's atmosphere if the entry

angle (at -I00,000 ft. altitude) is less than ahmlt -t.5 °. On the other hand, the peak

deceleration experienced by a nonlifting, constant-drag vehicle is already 20 g's

when 0 = (J°. Thus, for manned vehicles, the entr T "corridor" is only about 10

miles high. By employing aerodynamic lift during entry, -_ the peak deceleration

is held to 10 g's for a maximum llft-drag ratio of 2.0 and an entry angle of 10.,5 °,

so that the allowable entry "corridor" is now about G0 miles high.** For such a

trajectory, the maximum stagnation-point heat-transfer rate is (,q00 "B.t.u./ft?/
sec.),/_v/Ru, for a value _)f II'/C_,A = 100, where R, is the nose radius in feet, and

thc total heat energy transferred to the vehicle is about (40,000 B.t.u. "ft.-°)/%/R0.

Because of the rclatlvely high convective heat-transfer rates and the high-stagna-

tion enthalpy along tl{e trajectory, a gaseous ablator should have an effective heat

capacity ()f at least 6,000 g.t.u. lb. Again, the comparatively long duration of

the heat pulse dictates a low or tnoderate temperature, low density ablating ma-

terial that is also a poor thermal conductor.

Employment of ablating materials during entry into a planetary atmosphere

is attractive also for unmanned vehicles. _-4 A typical space probe, entering the

atmosphere of Vem_s at a velocity of about ,I0,000 fps. and near-normal incidence,

experiences a pcak decelcration of about 400 g's, a peak radiative heat-transfer

rate from the hot gas in the nose region of about 7,000 B.t.u. <ft.'-'.'see. and a peak

convective heat-transfer rate of about 1,000 B.t.u.,:ft.e/sec., for II"CDA = 60.

Gaseous ablation is incapable of "blocking" the radiativc heat transfer from the

* The actual al)proach velocity is likely It, be .f the ()rder of It).000 fl)_.

)* (?,rant _ has rect.i'ltly sh¢)w'n that I}le corridor _idt|| can be incrca_e(l to 11113 milc_ by cml)loying coml)incd

drag and lift modulatK, n.

J
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gas to the body surface,* but an ablating material is fully capable of abscwbing tile

heat[traNs(t.r rates and ht-at-¢.Ner_;y h,aditlgs that would l)c inv, dvvd.

Even this brivf din,_'N_.,:,i,,t_sh,)uld illustrate the inherent flexibility of ablatiIlg

heat-sink systems. ,\blatiTIl4 ll_alerials ill(' certain to be developed and utilized

far beyond our pregent c¢,ncel,ti,,ns.

* Perhap_ one c_uld '_:Itct t'4,r invl:nl,i a _4;,'a.,,_,ahli, l,,r v,ilh a low absoH_tivi¢.y w.lth respect to the energy
spectrum (,f the ga_ rad_alion.
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PROGRESS AND PROBI2/,_ IN AT_4OZPIFERE ENTRY 1

By Alfred J.Eggcrs, Jr., and Nath;m_el B. Cohen

Off_ce of Advanced Research and Teclmolo_

National Aeronautics and Space Administration

WashinKton, D.C.

ABSTRACT

pr_:,:_s of entry vehicle motion, heating, and

h_.,t =:=_%ion are discussed In the context of

c_rT_% _:.i possible future space flight missions,

Ir.:[:_-?_ _r_munned probes of the atmospheres of

F_rs, -_r_s, and Jupiter_ and F_nned vehicles

a_ir_}:f_e for controlled planetary entl 7 at

V..,=,_iz;ez from orbital to hyperbo]ic. Recent

._iv_n.t_-'-in reentry physics, inchldJng both theo-

:-c_A:-_- ;_.d experimental work Jn flow-field anal-

yo_z_ -=..vvctlve and radiative heating, _d com-

5_nc: tffezts, have enhanced our ability to predict

nor- L.--.:c=icheating. Problems in reertry physics

wh_-& :%._a_n, such as transition to turbulent flow,

turh.i%:-% heat transfer at hypervelocitles, and

c<cj.le; ra!latJon flow-fleld interactions and their

p_s3.&_t Ir.fluence on vehicle configuration are

dJsc=._ _ed. Attention is also given to ground sim-

u]atitn facilities, such as the expansion tunnel,

bal_=:c shock t_nnel, and high enthalpy arc jet,

whlcn %re particularly useful in the solution of

proble_c in reentry physics and heat shield mate-

ria[_ _-;havior. Finally_ some consideration is

given _% %he comparative features of rocket bra_dng

and _u%r_uvering as contrasted to atmosphere braking

and r_:._elvering for the spectrum of speeds and mis-

slon }rcfiles of future Interest.

INTRODUCTION

S!_,.[f!cant advances have been accomplished in

the sol%nee and technology appropriate to atmos-

;here en%_# of spacecraft during the 8 years since

the ]a.nth_ng of Sputnik I. This progress is no

butter _ilustrated than by the successful entry

fron e%_h orbit of the _anned Vostok, Mercury,

Vos_2._, and Gemini spacecraft, for which the

prcLl,:z_': inherent in orbital entry, such as hig_h

convec_:ve heating rate and load and communication

b]acz:.._, were successfully overcome. For the past

year_, atmosphere entry research activities in

the Un(ted States were concentrated upon the prob-

lem_ %_;.ropriate to return from lunar missions

which %re characterized, for the Apollo vehicle,

_y no;.negligible radiative heating rates and a

hlgh]_ n-,ns2m_metrlc flow field, as well.

Alth_;_ the first Apollo vehicle entry has yet

to h- Ccmonstrated, the next few years are expected

to hr_n6 successful accomplis_ent of first earth

orbits:, and then lunar return entries with this

vehicle. Much engineering work for this vehicle

rez;_!no to be done; however, the fundamental

rece_r:h activity associated w_th Apollo is being

red_lee_ in favor of that associated with missions

an,] v,=n:c]es of the more distant future. Alrea_v

certu:n new problems arising in such missions have

_o:n _r,v,:_tigatcd in the various ]aboratories,

resulting in important new _owledge. It is the

p_q:,/_,: uf this paper to discuss some of the more

jnbcr,;:.!_ng missions of the future, to describe

thou,: m:_{slon characteristics pertinent to atmos-

phere e[.,,ry, to review some related research

]P:,_::e-_,tud at the With IAF Internation;_l

C_ngr._::_n, Athens, Greece, September 15-18, 1965.

accomplishments in the recent l_tcralure, and to

point out some of the many problems re_ninJng to be

solved.

References cited throughout the paper are merely

representative of the wealth of literature avail-

able on the topics d/scussed. An extensive blbli-

ography was provided by Love (ref. i'). Additional

_qterial may be found in the reference lists of the

cited papers.

FUTURE MISSIONS

The 9ost-Apollo era is likely to provide a vari-

ety of new entry opportunities which introduce a

humber of phenomena considerably different from

those related to near-ballistic entries at orbital

or escape velocities into the Earth's atmosphere.

The establishment of long-duration earth-orbital

laboratories _y well lead to a requirement for

logistic vehicles capable of generating a sufficient

lift/drag ratio to provide for reduced entry decel-

erations, maneuvering during entry for longitudinal

and lateral ranging, and horizontal landing capa-

bility. Such vehicles wo_Id, of necessity, be

relatively slender and nonsymmetrlc Jn order to

provide the required lift; the economics of such

vehicles might call for required reuse. W_ile the

gross entry environment for these vehicles will be

little different from that previously encountered,

their configurations will result in flow fields of

a somewhat different character.

We are presently fast approaching the capability

of launching unmanned probes of the atmospheres of

Mars and Venus, for which a whole host of new entry

problems will be eneom]tered. The atmospheres of

these two planets are at this time not fully deter-

mined, but both are thought to contain significant

fractions of CO 2 and N2, leading us to expect radi-

ation heat transfer of major proportion from cyan-

ogen formed in the shock layer, especially at the

moderate velocities associated with Mars entry.

Characteristic entry velocities for such probes

are shown in Figure i.

Because F_rs is thoug_$ to be that planet in the

solar system, other than Earth, most likely to have

an environment suitable for the evolution of life,

it may be the subject of extensive exploration,

first by unmanned systems/ and then, _f warranted,

by man. The mounting of a manned exploration pro-

gram will be accompanied by major new problems in

atmosphere entry associated with the three types of

entry vchicles contemplated for use in such a mis-

sion; namely, a large _ehlcle capable of hyperbolic

entry into the Martian atmosphere as,_iternatlve to

a propulsive maneuver, an excursion module for

landing on the stu'face from orbit if the Mars

Orbital Rendezvous mode is used, and a hyperbolic

earth reentry module. The entry velocity range

associated with each of these maneuvers is shown in

Figure i. Earth return velocities _hown presuppose

use of trajectories shaped by passage close to

Venus during the mlssJon. For direct trajectories,

earth return velocities up to about 23 P_/see are

appropriate.

Reprinted from Proceedinqs of the XVIth

Intern;_i io.nal Astronautical Conqress

(G_;uthlc.r-Villars, Paris, 1965)

By Permission
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A]_ ]:_.:tcd ]n the: f_gurc Iz the entry veh_city

:u;::_clated w_th atm_:;phcre prc_bc_: of Jupiter, pro-

vJd_d that no propulsive braking is utilized.

Tc_lay's ent_._ technology clearly does not permit

such an entry and much work must be done if such a

mission is to be attempted. Because Jupiter entry

probes are so far in the future, no further con-

s!dcratJon will be given to them here.

FLIGIF? b_CHANICS ALP M_>T!ON

,%v.ong the prI_%17 problems in flight _rech_Jcs

and motion appropriate to entry vehicle technolo_

are determix_ation of the permissible e:,try cor-

ridor, rs_nge capability, the ability to deploy

decelerators such as parachutes, and the ability

to Is:;d horizor_ta]ly. Each of these places certain

req:_Irements upon vehicles, and influences the

reent_ physics phenomena through their dependence

up_,n both entry trajectory and vehicle confi_.ira-

tton. The implications of these will be discussed

for Earth and _i'_rs entry.

Earth Entry

?he entry corridor is _efined for supercircular

entry as the range of entry angle permitted to a

vehicle between the boundaries representing skip-

out (overshoot) and excessive deceleration (under-

shoot). The allowable corridor is frequently

described by a linear dimension, the corridor

depth, defined by Chapman (ref. 2) as equal to the

difference in the vacuum perigees for the corre-

sponding overshoot and undershoot trajectories.

The corridor available to a vehicle depends upon

the planet, its atmosphere, the entry velocity,

and vehicle aerodynamic characteristics, and must

be sufficiently deep to accommodate approach guid-

ance tolerances.

A very thorough discussion of earth entry flight

mechanics was given by Love (ref. i). It was shown

there that the available corridor decreased rapid/U

with increasing entry velocity, increased with

increasing lift/drag ratio, and wis further

increased if the modulation of lift through vehi-

cle attitude change was permitted. For entry

velocities characteristic of return from a mission

to 14%rs, these trends are graphically illustrated

by Figure 2, a plot of available corridor depth as

a function of maximum hypersonic lift/drag ratio

for two velocities and two lift modulation schemes.

These data are cross-plotted from the data of

Pritchard (ref. 3). For the roll-modulated case,

the vehicle flies at a fixed attitude corresponding

to a fixed ratio of the resultant l_ft to drag;

however, the vertical component of lift may be

modulated throug)_ rolling the vehicle about the

flight path axis. Lateral tre_nslation will result,

but this may be compensated by la_er maneuvers, if

desired. The entry through pullout is at maximum

positive lift-to-drag ratio. For this case, the

overshoot boundary is defined by the minimum entry

_ngle permitting constant altitude flight with

negative lift/drag ratio after pullout (l.e., the

vehle]e rolls 180 ° at pullout), and the undershoot

boundary is defined by a 12g limit on resultant

deceleration.

lmgle-of-attack changes are permitted in the

pitch modulated ease in addition to roll. For

this case the overshoot criterion is the same as

for the previous ease_ but the undershoot boundary

is somewhat ddfferent. In undershoot, pitch

mod_1:_i.ion Is emp]_.yed wh_:n the 12g de<.c]cr._t]on

limit is re:_ched ._u_ch th_t t}_is decelem,tJon Js

maJntalned as the lift coefficient decreases

through zero sad to maximnm negative L/D. Roll

modulation at constant altitude is then assigned.

For the roll-modulated vehicle, large increases

in maximum lift/drag ratio beyond a value of about

one_ offer only a small increase in available cor-

ridor dept.h. If the 6oi_mee accuracy is assumed

to be typically about 15 l_n, the roll-modulated

vehicle provides a sufficient corridor depth for

L/D greater th_ ]/2 at ]5.2 1_r./sec, typical of

the entry velocities for return trajectories from

Mars, but provldcs a maximum of only about ]0 km

at the extreme high energy ret_u'n velocity of

21.3 )_/sec. In contrast, the pitch-modulated

vehicle not. only provides sufficient corridor depth

at L/D = i for the hlg_er velocity, but can more

profitably e._ploy hJ{_er L/D if required. The

penalty one must pay for pitch modulation is in

vehicle weight and complexity. Movable control

sugfaces will be required, to provide pitch modula-

tion, and these m_st project well into the high

energy airstream to be effective_ thus creating an

aerodyn_nic heating problem of _aJor proportions.

In addition, undershoot entries are steeper for the

pitch-modulated vehicle and higher radiative

heating rates and loads are encountered compared to

the roll-modulated vehicle of equal maximum L/D.

However, for a given corridor depth, lower L/D is

required for the pltch-modulated vehicle and this

trend is reversed (see ref. 3).

The preceding discussion has shown a requirement

for L/D ranging from about 1/2 to i for earth

retunn_ from Mars, depending u oon return velocity

and lift modulation scheme utilized. Vehicles pro-

vlding such a capability will be necessarily rela-

tively slender compared to today's operational man-

ned entry vehicles. Such a family of vehicles is

the so-called lifting body, with a llft/drag ratio

ranging from about 1/2 in the blunter vehicles to

about i_ for the more slender vehicles (refs. 4

and 5). It will be shown later that the rel_tlvely

slender veb/cles are also compatible with require-

ments resulting from consideration of radiation

heat transfer at hyperbolic velocities.

Once the requirement for hypersonic L/D of the

order of one is established to meet entry corridor

requirements, significant longitudinal and lateral

range capability is afforded for selection of the

landing point, and the possibility of having con-

ventional landing capability is established. For

the latter capability, a subsonic L/D of from

three to five appears desirable, depending upon

vehicle wing loading. Such a subsonic L/D

appears feasible for a vehicle with hypersonic L/D

of about one, and glide tests of a research entry

vehicle of this type, shown in Figure 3, will soon

begin at the NASA Flight Research Center.

Mars Entry

Many of the same considerations discussed for

earth entry are of interest for entry into the

atmosphere of _rs. In addition, the problem of

ballistic entry of unmanned probes or landers and

the complication of an uncertain atmospheric com-

position and structure are introduced. Estimates

of the surface pressure at Mars, which had ranged

from about i0 to 8_ mb in recent years, have been
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revlseg dom_ward to more nearly ]0 mb, based upon

the results of the recent _arlner IV flyby. Atmos-

phere composition Is still not establlshed wlth any

certainty. Definition of the atmosphere structure

and composition with sufficient accuracy for

detailed design of optimum vehicles may not be pos-

sible until direct measurements by u_.anned probes

or landers are made. Until that time, desJf_ of

Mars entry vehicles will, of necessity, be suffi-

clent_v conservative to pe_nlt successful entry

(and soft landing, If appropriate) for the range

of likely atmospheres. Lev_n, Evans, and Stevens

(ref. 6) provide a list of references proposing

models of the _rtlan atmosphere and, corresponding

to the recent measurements of Kaplan, et al.

(ref. 7) and Kulper (ref. 8), have generated three

tentative engineering models useful for decelera-

tion and heating calculations. The effect of

Y_rtian atmospherlc uncertainties upon flight

mechanics parameters will be discussed in the sub-

sequent paragraphs.

Hyperbolic entry at _ars of ballistic vehicles

is of interest in terms of _%nned atmosphere

probes and landers. Because deceleration toler-

ances of instruments tend to be significantly

greater than those of man, entry corridor consJd-

eratlons for such systems are not usually critical.

However, to ensure landing at tolerable impact

velocities, such vehicles must decelerate suffi-

elently in the atmosphere to allow for the deploy-

ment of decelerators such as parachutes. If the

atmosphere Is as tenuous as suggested by Kaplan

and Kulper, as well as by the Mariner IV results,

vehicles will have to be quite blunt and lightly

loaded in order that deployment velocities are

reached at sufficiently high altitude. The degree

to which the atmosphere influences the vehicle

design for this case may be seen from the followlng

simple calculation.

The expression

v_: e-(oo'<oRo/ sin 7E) (1)

vE

from reference 9, defines the velocity of a bal-

listic entry vehicle during its entry for condi-

tions of an isothermal atmosphere with constant

density scale height Hp and decelerations large

with respect to the local gravity. V is the

velocity, V E the entry velocity, m/CDA the

ballistic parameter, D the ambient density, and

YE the entry angle. The stratosphere of each of

the three model atmospheres of reference 6 is Iso-

thermal and has an approximately constant density

scale height. They have each been approxlmatedby

an idealized isothermal atmosphere, with the den-

sity relation

P : e' h'HoJ (2)
_ref

where h is the altitude, and the constants are

as given in the table.

Model i 2 3

Pref (g_n/cm3) }.28x].0"5 5.69x10-5 1.09XlO -4

Hp (_) 20.9 14.0 6.5

Model surface ltO 25 I0

pressure

Po (mb)

Idealized sur-

face pressure

Pref (mb)

39.6 28.6 25.4

Tropopause 22 18 lO

altitude (_n)

Thus, the idealized atmospheres are good fits to

the respective models above the tropopause and

equation (1).is approximately valid here.

Equations (i) and (2) may be solved for the alti-

tude at which the velocity is reduced to a speci-

fied fraction of the entry velocity. This has been

done for V/V E = 0.05, corresponding to reasonable

velocities for deployment of conventional parachutes

and for vertical entry_ and the results are plotted

in Figure 4 as a function of m/CD A for each of the

three idealized atmospheres. The dashed portions of

the curves represent altitudes below the corre-

sponding tropopause and the results are invalid

here. If a minimum deployment altitude of about

i0 hm is assumed, the figure shows that values of

the ballistic parameter somewhat greater than

6 gms/cm 2 are tolerable for Model i, while a value

of about 2.5j about as low as can be attained in

practice, is required for Model 5. Entry at some

angle other than vertical would alleviate these

results somewhat, but would still require low val-

ues of m/CD A. Without better.definition of the

atmosphere, Model 3 would necessarily be the design

model for parachute deployment, and would require

extremely blunt, lightly loaded, entry v_hicl6s.

This restriction, coupled with the associated high

levels of radiative heating, results in rather small

payload to gross weight ratios. Related aspects of

this problem were discussed by Roberts (ref. 10)

and Seiff (ref. ll).

The aforementioned atmospheric uncertainties

could have major impact on hyperbolic manned entry

vehicles as well. Such entries would be appropriate

if atmosphere braking were to be used either for

direct landing on the planet surface from a hyper-

bolic approach trajectory or for capture of an

approaching vehicle. The latter maneuver is part

of a mission mode called Nmrs Orbit Rendezvous in

which the mission vehicle enters hyperbolically, is

decelerated aerodynamically to approximately clr-

cular satellite velocity, and then, through a maneu-

ver utilizing lift, exits the atmosphere. When an

appropriate altitude is reached, a moderate propul-

sive m_neuver is used to establish aneorblt. From

this orbit, an excursion module may be dispatched

to the surface and, upon return, rendezvous with

the parent vehicle prior to departure for Earth.

In either ease, direct entry or entry to orbit,

atmosphere braking can be more effleient than the

correspond/ng propulsion maneuver in terms of

equivalent specific impulse, as is shown later.
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For ,;uch Iwperbo]ie entrl.es, the concept of an

er_try corrld,_v m'_y be used t(; dcFlne lift re:b!irc-

r,:cnt:; as a function c_f enttT velc, c|ty a_:d atmc, z-

pherJe characteristics. Cons[deratlon _ts given

to such entry corridors by McKenzie (ref. 12) and

Napolin and Mendez (rer. 13), red Figure 5, cross-

plotted from McKenzie's d:_ta, illustrates the

av:_tlable corridor for atmospheres of two differ-

ent ..<ale heights within the range of the models

_f reference 6. In this figure, the lift/d_rag

ratio is constant at !i/2, undershoot is defined

by a resultant deceleration of lOg with the llft

vector directed outward, and overshoot by capture

requirements with the lift vector directed towards

the pl,_net. As can be seen, if a guld_cc accu-

racy of 15 km is assum.ed, sufficient corridor

would be provided even for the smaller value of

scale height for the full range of velccltles of

interest. For a given scale height, surface pres-

sure level i s not a factor in determining available

cc,rrldor because this pressm-e tends only to fix

the altitude at which m_neuvcrs take place. In

the case of Ficare 5, the minimum altitudes for

Lmdershoot are above surface level even for a sur-

face pressure as low as ii mb.

Atmospheric ,_certainties introduce a more sub-

tle effect in available corridor depth, however.

Scale height, aswell as surface pressure, influ-

ences the altitude at which the corridor is placed.

Without precise determination of these par_neters,

an approaching vehicle would be limited to that

corridor defined by the lowest overshoot boundary

and the highest undershoot boundary appropriate

for the range of postulated atmospheres. The curve

labeled COMPOSITE in Figure 5 represents the result

of this consideration as influenced only by scale

height uncertainty in the range specified, and

shows that for velocities above 9 km/see in this

case, the available corridor is decreased rapidly

with increasing velocity and vanishes at about

]0.5 Pam/sec. Consideration of a range of possible

surface pressures would reduce the corridor still

further. Clearly a vast in_rovement in our knowl-

edge of the Ma_%lan atmosphere is important in

order that the full benefits afforded by atmos-

phere braking can be realized. As for earth entry,

increasing the lift/drag ratio and providing lift

modulation capability both increase the available

entry corridor and, for Mars, reduce the impact of

atmospheric uncertainties.

The provision of lifting capability for hyT,er-

belie Mars entry vehicles utilizing the Mars Orbit

Rendezvous mode has an additional benefit, that of

permitting plane change during entry. Such a

maneuver would allow greater flexibility in

incoming trajectory parameters while still per-

mitting post-entry orbits consistent with possible

lan_ing locations and subsequent desirable 14ars

escape trajectories. This aspect of atmosphere

braking at F_ars was considered by Napolin and

Mendez (ref. 13), _d Figure 6 herein displays a

representative result. The plane change capability

for an entry velocity of 8.4 km/sec Is plotted

against lift-to-d.rag ratio with undershoot defined

by 5g resultant decelerations and overshoot by

maintenance of level flight with m_xlmum negative

L/D (roll modulation). For an L/D of 1/2, a

modest plane change of about lO o is afforded, but

for L/D Of one, this capability has increased to

about 25 ° , permitting considerable flexibility in

trajectory zelectlon.

The entt-;, v,.locl tie:; ft3r a Mars excur,':i on module

c_p:_ble ,:K" clitry f_',.m rill orblt[n[_ parent :<p:icecr,_ft

are conzl derubly lower titan those sppropriate to

hyperbolic entry, One study of such a vehicle,

described by Dixon (ref. 14), has determined that a

half-cone vehicle with L/D of about one is feasi-

ble from a motion and heating polnt of v_ew, with

the heat protection afforded through reradlation.

The lift capability of such a vehicle is particu-

larly important for lateral range capability.

Entry flight mechanics, because they arc not sen-

sitive to atmosphere composition, are expected, for

Venus entry, to be very much like those at Earth.

For ba]listic probes, the major problems are

expected to be those related to entl_J heating at

velocities greater than ii km/sec in a possibly

dense atmosphere with appreciable concentration of

C02.

FLOW FIELDS AND HEATING

It has been established from our considerations

of fli_t mechanics and motion that redatively

slender lifting vehicles are appropriate for hyper-

bolic entry at Earth and Mars for manned vehicles,

and that extremely blunt ballistic probes appear to

be required for unmanned Mars landers. A brief

summary of the problems and progress in under-

stsnding flow fields and heating of such vehicles

is now given. K×cept where noted, the discussion

is llm_ted to a reacting gas mixture in chemical

equilibrium because, in general, nonequilibrium

effects on radiative and convective heating have

been shown to be of less over-all importance (e.g. 3

ref. 15).

Inviscid, Adiabatic Shock Layer

Although for earth entry at velocities much above

parabolic the effects of shock-layer radiation and

con_mtlon are important in the determination of

shock-layer structure, it is instructive to con-

sider the inviscid, adiabatic shock layer both for

ddrect application at lower velocities and for com-

parlson with shock layers determined including these

energy transfer mechanisms at the high velocities.

Seiff (ref. 16) reviewed the status of flow-field

analysis in 1962. Since that time, further advances

have been accomplished, including the further devel-

opment of two methods which appear capable of ana-

lyzlng the flow about a blunt nose at large angle of

attack. The first method, a direct, essentially

exact numerical method, avoids the usual complexity

of attempting to integrate the elliptic equations

in the subsonic portion of the flow field by

treating the problem as one in unsteady aerody-

namics. The unsteady equations are hyperbolic with

well-defined initial conditions and can be Inte-

grated to arbitrarily large times such that the

steady-state flow is approached as closely as

desired. Such a method is that of Bohaehevsky,

Rubin, and M_tes (ref. 17). Further development of

this approach should make possible the treatment of

the flow about arbitrary bodies with realistic high-

temperature gas properties. •

The second method discussed here is the approxi-

mate method of Kaattari (ref. 18) in which mass-

flow continuity in the shock layer and empirical

correlations were used to define the shock shape

and shock-layer properties for blunt bod/es at

large angles of attack. The method is appropriate

7_
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F_,r flow of an idea] gas or reacting gas _._×tur_.s

at equ[llb_'lum. Some ir,tcre_t[ng results were

given by Katzen and Kaattarl (ref. 19) and are

reproduced here as Figures 7 and 8. It was deter-

mined that sta_ation point shock stand-off dis-

tance for equilibrium flow could be correlated as

a function of normal shock density ratio for a

fixed geometry. The curves of Finite 7 show such

correlations for spherically bh_ted cylirders of

various nose radii as derived by Katzen and

_,attari. Also shown for a hemlsphere-cylinder is

the stand-off distance correlation derived by

Lom_Lx and Inouye (ref. 20) by an inverse method.

Agreement of the two methods is seed. Except for

the recent work of Bohachevsky, et al., this family

of shapes (other than the hemlsphere-cylinder) has

not been amenable to calculation before.

Shock shapes for a flat-faced cylinder at angle

of attack are shown in Fixate 8(a) and compared to

experimental data at 30 ° angle of attack for a

density ratio of 0.25. Pressure distribution for

the z_m.e shape is compared toexperiment at 20 °

angle of attack in Figure 8(b). In both cases,

agreement between experiment and prediction is

extremely good, and this method should prove

extremely versatile. It has also been extended

successfully to the calculation of stand-off dis-

tance for nonequilibrium flows and for flows with

gases injected into the shock layer (ref. 19).

Convective ]{eat Transfer

Any discussion of the laminar heat transfer in

air at hyperbolic velocities must begin with con-

sideration of the transport properties of ionized

air. Predictions of stagnation point hea_ transfer

to date have been based on transport properties

predicted by simplifications of the Chapman-Enskog

formalatlon (see refs. 21 and 22). Typical of such

calculations are those of reference 23 based upon

the transport properties of Hansen (ref. 2_).

While agreement between heat-transfer prediction

and experiment has been satisfactory up to equiv-

alent flight velocities of about 15 km/sec, corre-

sponding to about 50 percent ionization of air,

we realize now that this is a result of the rela-

tive insensitivity of surface heat-transfer rate

to thermal condnctivity outside the boundary layer.

Figure 9, a plot of total thermal conductivity as

a function of temperature, was used by Ahtye

(ref. 22) to demonstrate the inability of the sim-

plified theory to predict the experimentally

observed values of Maecker (ref. 25) for nitrogen

when ionization becomes important. Ahtye has uti-

lized the rigorous second order theory for par-

tlally ionized argon in references 21 and 22, and

these results should give some indication of the

importance of the previously neglected effects in

more complex gases. An example of this effect is

given in Figure lO, wherein the translational

thermal conductivity is plotted as a function of

temperature, at a pressure of l0 -1 atm, for both

the simplified and more rigorous second order

theories. The latter values are greater by some

30 to 50 percent when ionization is appreciable.

Heat transfer for equilibrium mlxtz_es depends

upon reactive and thermal diffusive components of

conductivity, as well as on the translational com-

ponent. The first two components are dependent

upon multlcomponent and ther_.al diffusion coeffi-

cients. These coefficients have been calculated

for partially ionized argon by Ahtye (ref. 22).

However, the reactive and [herm:tl d/ffu:;Ive compo-

zlents depend _;Iso upon r2_ucroscopic concentration

gradients for ions and electrons and the charge-

separation field which may affect these gradients.

These effects have not yet been determined, _nd thus

the accurate prediction of convective heat transfer

in highly ionized gases is not yet possible.

Some Jndieation of how i_portant an order of m_g-

nltude c_nge in total thermal conductivity ,_6ht

be to convective heat transfer in air is given by

Figures ii and 12j from Howe and Sheaffer (ref. 26).

Figure ii shows assumed ther_u%l conductivity curves

(and Maccker's _%ta) as a function of temperature.

Curve I is the prediction of Yes (ref. 27) which

fits the _%ta quite well until ionization becomes

important; curve II corresponds to an arbitrary

increase of roughly an order of magnitude over Yes'

curve in the region of important ionization; and

curve III appro×i_ntes the prediction of Hansen up

to 15,000 ° K _]d then is faired into the Yes cu_.e.

Stagnation point hcatlng rates were calculated by

Howe and Sheaffer for each of these assumed con-

ductivity functions and the results are shown in

Figure 12. Although these values were calculated

for a viscous, conducting shock layer with radiation

transfer, the Reynolds numbers are sufficiently high

and the radiant transfer sufficiently low that the

results correspond closely to a more classical

bounclary-layer calculation. It is evident that the

order of magnitude difference in conductivity

appears as only a factor of two in heat-transfer

rate at the highest enthalpy level sho_, and then

only for equivalent velocities greater than about

20 P_/sec. Shown also is the prediction of Howe

and Viegas (ref. 28) wherein Hansen's properties

(to I_,000 ° K) were used. If this is extrapolated

linearly to higher velocity, it lies roughly half-

way between the two extremes shown. Because exper-

iments have been limited to cond_ tlons corresponding

to a maximum of about 15 km/sec, the reason that no

discrepancies between experiment and theory have

been noted, even with 50 percent ionization, _s the

relative insensitivity of heat transfer to thermal

conductivity external to the boundary layer for

these velocities. It is evident that, should the

second order total conductivity predictions, when

established, show even an order of magnitude

increase over the current approximations above

i0,000 ° K, experiments at equivalent velocities

greater than 20 Ms/see will be required to confirm

the effect upon heat-transfer rate. Nevertheless,

such velocities are at the upper end of those

appropriate for direct return from Mars, and these

effects may well have an {mportant influence on

vehicle selection and design.

The relative insensitivity of heat transfer to

high-temperature gas properties for relatively cold

walls was shown by _rvln (ref. 29) for various

other pure gases at velocities up to about

i0 km/sec. It was found that a single correlation

could be established for all the gases considered

(C02, Air, N2, ]{2, A) in terms of low-temperature

transport properties. These results _e sho%_ in

Figure 13, wherein all the numerical results are

within ±16 percent of the correlation function.

Plotted is a convective heat-transfer parameter

against enthalpy ratio. _D is the ratio of

denslty-viscoslty product at the onset of dissocia-

tion (or ionization in the case of argon) to that

at the wall, h D is the corresponding static

enthalpy, and g is the ratio of total ent_mlpy to
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th._t ,_ut'_Jd_ the bound'_ry luyer. !.%_l'v'.n aL';o l',__md

that the ]_-_Inar h(-':ttir;g rate dlstribut, t_a_ to blunt

bo,lies_ n.q calcul.atcd from local t;Ir, iil:_ri ty prin-

ciples, wa_ little slEet.ted by compositfion, and, as

for air, can be obtained with reascnab]e accuracy

from the inviseid flow alone so long as the pres-

sure gradlc_ts are not I:oo large (ref. 30) tad

from ideal gas boundary-layer solutions when pres-

sure gradients are high (ref. 31).

Unfortunately, our uriderstandtng of transition

and turbulent heat transfer at reentry velocities

has not advanced to the same degree as. has that

for lamln_r flow in the past few years. The mech-

anisms leading to transition are not well defined

and hence theoretical predictions can not be

derived. Fh_plrlcal transition erlterla have been

derived from low velocity ground facility and small

scale flig_Lt experiments, but how they can be

extrapolated to flight conditions at moderate to

h_gh local ,'.tlchnumbers, sF_%]l ratios of wall to

total enthalpy, and in the presence of abla%ion,

has not yet been well established. Much the same

situation holds for turbulent flow at reentry

flight conditions. Turbulent skin friction and

heating predictions are also based upon relatively

low velocity dnta with corrections for high tem-

peratures, enthalpy ratios, and 1,9_ch mm:ber through

a variety of estimation techniques (see refs. 32

and 33). One can show that a requirement for a

significant increase in our ability to predict

transition and turbulent flow phenomena exists for

the hyperbolic lifting entry vehicles appropriate

for future missions. For example, typical boundary

trajectories for earth entry at velocities appro-

priate to return from P:_rs are shown on an

altitude-velocity plot on Figure 14. The vehicle

is assumed to have a maximum L/D of one with

modulation by roll control, a ballistic paray.eter

(m/CDA) of 4_ gm/cm 2, and enters at a velocity of

15.2 km/sec. Plotted also are lines of constant

free-stream Reynolds nmnber based on a length of

lO meters, typical of the over-all length of con-

templated vehicles. The vehicle would experJ ence

maximum free-stream Reynolds ntunbers of about

5 X 106 based upon vehicle length during the under-

shoot trajectory; local Reynolds numbers based

upon conditions outside the boundary layer and the

length of the vehicle would be roughly an order of

magnitude lower, or of the order of 105. Reynolds

numbers based upon local conditions and laminar

momentum thickness would be rougdaly 500. Each of

these values is sufficiently large that transition

must be considered a distinct possibility, partic-

ularly in the presence of the mass transfer and

surface roughness associated with ablation.

Radiative Heating

It has become apparent in the past few years that

as contemplated entry velocities were increased

above parabolic escape speed at Earth, the contri-

bution of radiative energy transfer from the hot

shock layer would have to be considered in vehicle

design along with that from conduction in the

boundary layer. In fact, for very blunt vehicles

(as appropriate to satellite reentry and lunar

return) tile radiative input would dominate even

for velocities at the lower end of the Nnrs return

velocity spectrum. Detailed consideration of both

mechanisms of energy transport has led to the con-

cept of more slender vehicles to cczpensate for

the potentially dominant radiatJve transfer; these

will be described in a subsequent section. In

tht_; _cction, _,_me recent ra&[ative research

results will b," briefly _Lscussed.

The principal radiators and the corresponding

radiative i-tcnaitles for high-temperature air and

gases thoug&t to be representative of the atmos-

pheres of l.L_rs and Venus are reasonably well estab-

lished for conditions corresponding to ve]ocltles

up to approxlmately 8 km/see. In this flight

regime, the do¢dnant radiation sources are mole-

cules undergoing radiative transitions from excited

states to states of lower energy. Some recent G_ta

obtained in a free-fllght faei]lty by Arnold, Rels_

and Woodward (ref. 34) for mixtures of CO 2 and N 2

are shown in Figure 15. These data are appropriate

for flow fields in chemical equilibriua_ and tile

emission is seen to correlate with a tkmctlon of

density __nd velocity in much the same manner as

does that for dissociated air. Shown also is the

prediction for Mr of Kivel and Bailey (ref. 35)

and it is apparent that at the lower velocities

radiation from the C02-N 2 mixture exceeds that for

air by as much as an order of magnitude. This

effect is attributed to the radiation from the

CN-violet band system which dominates the emission

for the former case. Other shock tube and free-

flight data and predictions (refs. 36_ 37, and 38)

are shown in the figure as indicated. At veloci-

ties above about lO km/sec, radiation resulting

from recombination of ions and electrons_ brems-

strahlung, and atomic llne radiation become the

dominant factors, and in this region the C02-N 2

mixtures and air behave in a slmilarmanner. This

is expected since few molecules exist at the corre-

spondingly high t_mperatures (about lO,OOO o K and

above).

Not properly accounted for in this work is the

increasingly important contribution to the contin-

uum radiation of sources at wavelengths shorter

O

than 2,000 A for air and C02-N 2 mixtures. Recent

work by Biberman, et el. (ref. 39), Nardon% et el.

(ref. 40) and Hahne (ref. 41) has demonstrated the

importance of this region of the spectrum for

velocities much above l0 km/sec. The intensity of

this radiation is such that the radiating gas layer

must be treated as self-absorblng for these wave-

lengths, complicating the heretofore conceptually

simple scaling relations. The impact of this

recent work is yet to be fully determined.

Although the simple model of an adiabatic,

optically-thin shock layer has been generally

appropriate for the calculation of radiation heat

transfer to vehicles of moderate size entering

planetary atmospheres at velocities up to about

15 km/sec (provided the vacuum ultraviolet contri-

bution is not considered), higher velocity applica-

tlons require that the effects of energy transfer,

both by radiation and conduction, be considered in

determining the shock layer. Wilson and Hoshizakl

considered the effect of large radiation transfer

upon the inviscid flow field of hemisphere-shaped

bodies by an integral method (ref. 42), and deter-

mined the resulting radiation relative to that for

an assumed adiabatic shock layer. The ga_s was con-

sidered optically thin. For the stagnation point

flow, the radiation was found to decrease slgnifi-

cantly when the energy radiated from a mass of gas

traversing the stagnation region (as calculated for

adiabatic flow) became as large as the order of

1/lO of its initial total energy. This is shown in
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i':::_t_c-dis tl;c.r_Lt[o of radiation

• :,.,.',by f;_,r.,_IE[ub_tlc cnse to tIi_t for

. ,,-__,,_z ['l_Jw"az a l'uhct_0n cf "in energy- loss

; jJ,_,-:cr, defined as the ratio of ra&iatlon emit-

-,.i f r ,,Uab._tle c_,nditions to total-flo_" energy.

i-_. r,_._l,_Jt h,.:_t-transfer distzqbution _Jbout the

_,-.:_:.iL,.:re was fuund to be'essential]_ the same as

• r tt.e _i.li_d_atie case, if plotted In reigns of the

r,':_, _f local to corresponding stagnation value.

;"-..'_h Hvwe and Vtegas (re]. 28) and ]ioshizak_i and

",,".l_.-,n (ref. 43) analyzed the radAat, fng viscous

_:,._t: layer. In the former, only the sta_ation

reg',cn wag considered for a grey gas. It was fom_d

;L,,i the convective heat transfer was s_ 6_ificantly

re!::ccd for cases where radiant heat transfer

¢'.azed ]he enthalpy outside the edge of the viscous

D,yer to be reduced, although a simple correlation

_r, tho_.e terms was not possible. These results are

|,!ottt.d _n Figur@ 17 at i atmosphere pressure and

f<r v_r_ous nose radii. Because of the relatively

:t:._.:.gdependence of radial]on upon gas density,

.'he d_crease in the convective heatin_ parameter

w_uld be greater for h_gher pressures. -The effect

cf r.dJation cooling on the rad/ant heat transfer

]',Jell w_._sfound to be essentially independent of

tLe inclusion of heat conduction (for the Reynolds

numLers considered), and the results are in agree-

_nt with those of Wilson and I{oshizakl, as shown

in Figure 16.

Hosh_za_ and Wilson (re]. 43) retained the

cptlcal]y thin assumption in extending the inte-

gral method to the viscous shock layer. Two dif-

ferent estlm'_tes of the emissivity of air were

u_ed, one corresponding to the esti:_tes of

M_.yeroit, et al. (re]. M_), and the other to the

_cmewhat higher estimates of Kivel and Bailey

(re]. 35). For the stagnation point, the results

were found to be in general agreement with those

of Howe and Viegas. Distribution of both convec-

tive and radiative heat-transfer rates about a

hemisphere were again found to be roughly inde-

pendent of the level of radiation, provided they

were plotted in terms of the ratio of local to

ccrrespondlng stagnation point values. These

results are shown in Fixates 18(a) and 18(b).

Note, however, that the level of heating, both

convective and radiative, depended upon the magni-

tude of the radiation transfer.

The influence of the intense radiation in the

vacuum ultraviolet upon these results _ast now be

determined. One cannot say a priori that the

stagr.ation point correlation of Figure 16 and the

invariance of distribution with radiation cooling

level, as shown in Figures 18(a) and 18(b), will

rem_in unchanged because self-absorption of the

_g radiation will tend to influence the convec-

tive heat transfer through heating of the gas

adjacent to the surface, and the influence may be

a function of local conditions on the body. This

should be a fruitful area of investigation.

V_]IICLE CONFIGURATION ASPECTS

The performance of heat protection systems,

whether operating by ablation, reradAation, tran-

spiration, film cooling, or simply by energ/_ stor-

age, _Jst be determined along with the flow-field

and ener6D,-transfer characteristics external to

the vehicle in order that efficient vehicle con-

cepts be derived• Reradiative systems are appro-

prlate, with the present high-tem-perature materials

technolo_v, t,_ the: low levels of he'tt[ng nu_:[.:Cn_,,[

eve!" hng du.r:ttton:_, [:uch a:: for ]l.ft.ing v,:hicl.es

(L/D _ 2 or more) cntcrlng the E:trth's atmosphere

at satell_tc velocity. For higher velocities, or

when heating pulses are of large magnltudc and

short duration, ablation, transpiration, or film

cooling systems are more appropriate, with ablation

having been used almost exclusively in recent years.

The Inefficient heat-sink type of system is gen-

erally not competitive except perhaps for special

applications.

Heat-protection-system perfor_%nce per se will

not be discussed here in any detail; rather, some

simple models of ablation will be used to demon-

strate the importance of the convective and radia-

tive heatJng inputs upon vehicle configuration for

super-satellite entry velocities at Earth.

The apparent dominance of radiative heating over

convective hosting for blunt bodies at velocities

greatcr _han parabolic escape speed at Earth (for

example, refs. 45 and 46), has led to the study of

moderately slender cones with a painted rather th_n

a blunt nose for such reentry condJtlons. Allen,

Self], and Winovich (re]. ]5) analyzed a family of

such cones for h3}ervelocity ballistic earth entry

and some pertinent results are shown here. Two

ablators were considered, one a low-temperature

ablator having the assumed characteristics of sub-

liming teflon, and the other a high-temperature

ablator having the assumed characteristics of vapor-

izing quartz. The cone was assumed to remain sharp;

the details of the analysis are given in the refer-

ence. In the analysis, optimum cone angles were

computed for minimum absorbed energy fraction as a

function of onto7 velocity for bothall-laminar and

all-turbulent flow. The results for laminar flow,

both with the teflon and quartz ablators, are sho_

in Figure 19. Corresponding results for turbulent

flow are shown in Figure 20. In these figures,

is the absorbed energ_ fraction (ratio of absorbed

energy to initial kinetic energy) and 8c is the

semlvertex angle of the cone. The parameter B is

a ballistic parameter defined by

CDA PoHD
B -

m sin 7E

where Po is the atmospheric density at the sur-

face and the other parameters are as defined

previously.

One important point to note from these results is

that for each optimum condition, convection con-

tributes approximately 8D to 90 percent of the

total energy absorbed, and for the radiative models

used, equilibrium radiation accounts for most of

the balance (nonequilibrium radiation input is gen-

erally negligible). At first glance, this behavior

appears somewhat anomalous when the tendency

towards dominance of radiative transfer over con-

vective transfer at such ve]ocitles is considered.

For stagnation flows, for example, optimum nose

radii were calculated for minimum energy transfer

by ]{owe and Sheaffer (re]. 47) and for these cases,

radiation transfer exceeded net convective transfer

by factors of from two to nine. No real anomaly

exists, however; for given flows over sharp cones,

convection decreases slowly and radiation increases

rapidly with increasing cone angle, while fop

increasing nose radius in stagnation flow, convec-

tion decreases almost as rapidly as radiation
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a glv_'n eonftgur_Ltlon (cone angle or nose radius)

ra_ilation would tend towards dominance for veloc-

_tles _reater than that corresponding, to the optl-

mu,m. ]_ote also that reference 15 considered to[,_l

ener£_ transfer while reference _I7 calculated ndn-

Ji.,'mL'_ heatlng rate.

Optlmtun cone semlvertex angles tend to be r_,ther

large, from 25 ° to 50 °, for the range of param-

c-ors sLo'_._, both for ]:imJnar and turbulent flow.

For tu_rbulent flow, the absorbed energy fractions

are nearly an order of n_%gnitude greater th*_n for

]_,mlnar flow, a result of tile aforementioned domi-

nance of the convective energy absorbed. This

result is graphlcal]y _llustrated in Figu//'e 21, a

plot of ]ami_.ar and turbulent optimum energy frac-

tions as a function of ba]listlc para_neter for

various entry velocities. The l%mlnar cur%.gs .are

a._sumed w, lid for local Reynolds nuumbers less tD_n

107, an'd lhe G%shed portions of _he curves repre-

sent arbitrary fairings to join _th the turbu/ent

cu:wes. One can "conclude that important areas for

future research should be those associated with

dcter_.inatlon of transltlcn criteria, maintenance

of laminar flo_, and determination with greater

confidence of the turbulent heating levels for

reentry conditions.

The analysis described above neglected the effect

of shape change. If shape change were permitted,

the sharp cones would rapidly blunt, radiative

transfer would be much enhanced in the nose region,

and the resulting surface recession in the nose

regions would tend to continually accelerate the

bhmt_n 6 effect during an entry. "Th_s suggests

_hat some means of providing nonab]atlve tips

should be sought. Transpiration or film cooling

may be appropriate means of provJddng sue_n protec-

tion. Such nonablative heat-protection techniques

n_ay also be desirable for entry vehicles which are

designed for reuse.

The results just described were derived speclfi-

eally for ballistic entry. No equivalent par_met-

rle analysis has been performed for lifting entry;

such an analysis would be much more complex. How-

ever, a conceptual lifting entry vehicle design

study for one set of entry conditions vas carried

out and is reported by }{earne, Chin, and Lefferdo

(ref. 48). The vehicle configuration consisted of

a spherically-blunted circular cone a]igned with

its axis parallel to the direction of flight, and

_'ith its base raked off at an angle to provide the

desired llft. An elliptic cone afterbody was

fitted to the raked-off base to provide useful

volume. The vehicle stu_lied had a llft/drag ratio

of 0.6, and a ballistic parameter (m/CDA) of about

iOO gm/cm2. For given gross weight and volume

(including afterhody), a cone semivertex angle of

about 40 ° w_s found to yield minimum heat-shield

weIc)It for entry into the Earth's atmosphere at

19.8 F_/sec with a phenollc-nylon ablative heat

shield assumed.

TWo levels of radiative heating were assumed;

the large (nominal) corresponding roug/uly to the

estln_tes of Nardone, et al. (ref. 40), and the

smaller equal to i/i0 that amount. Heat-shield

_%ss is plotted for each case as a function of

cone angle for these two es_Amates in Figure 22.

For the larger emission, the optimum angle is

about 43 °, and when the rad/atlve input is reduced

an order t,f magn[tude_ the optimism _:h|ft_ to an

angle above 45 ° while the heat-shleld m:%zs is

reduced to a va]ue estim:_ted to be about one-hail

that for nomlna] emission. The fact that the heat-

shield masses are not in proportion to the emlss_on

levels _s attributed to the influence of convective

heating, radiative cooling of the shock layer,

• reraddation from the heat-shleld surface, and the

presence of un:_ffected heat-shield insulation.

The effect of tr_msit]on Reynolds nur_ber _s shown

_n F_gure 23, a plot of heat-shield m_ss against

cone angle for three values of transition Reynolds

number based upon momentum thickness. As ek_ected,

an increase In transition Reynolds number results

in a decreased optimum cone angle and a total heat-

shield mass reduction of a factor of about two for

the values sho_. This again demonstrates the

importance of the determination of transition cri-

teria and turbulent heat transfer.

REIATIVE I_RITS OF AERODYNAMIC

AND PROPULSIVE. B_[ING

Alien (ref. 49) considered the relative merits of

propulsive and aerodynamic bra_ting for deceleration

at earth return. This comparison was based upon

the results for ballistic entry of sharp, ablating

cones described previously (ref. 15). Plotted in

Figure 24 is the equivalent specific impulse for

the teflon and quxrtz ablators as a function of

entry velocity, for laminar flow. -Shown also are

typical specific _mpulse values appropriate to

chemical and nuclear rockets. Equivalent specific

impulse values for the aerodynamic braking case

with turbulent flow would be about one order of

mzgnitude lower than for laminar flow, and for

teflon would be of the same order as the propulsion

systems, while quartz would still be more effective.

More complete comparisons making use of estimated

engine, propellant tank, and structure weig_ts for

propulsive systems , and insulation and structure

weights for atmosphere braking systems, should be

investigated. So long as laminar flow can be main-

tained, however, it is expected that the advantage

would remain with atmosphere braking.

Much the same advantage was shown by Tauber and.

Seiff (ref. 50) for atmosphere braking from hyper-

bolic approach velocities to orbital velocity at

Mars, compared to the equivalent propulsive maneu-

ver. In the reference, inlt_al _ss required in

earth orbit to launch the missions was considered

the measure by which relative advantage was deter-

mined, and systems utilizing rocket propulsion at

Mars to perform the capture maneuver were approxl-

n_tely twice as massive as those utilizing atmos-

phere braking. Thus atmosphere braking to orbit at

Mars for m%nned missions appears to offer a signif-

icant advantage over propulsive braldng from a

vehicle weight standpoint. Its ult_ate selection,

however, will depend upon _%ny factors, such as the

level of heat shielding technology, ability to

store and insulate cryogenic fluids from the entry

heating loads, and residual uncertainties in the

Martian atmosphere. •

GROU_D SIMULATION AND FACILITIES

Ground facilities capable of simulation of one or

more of the parameters characteristic of reent_-y

fli_it have advanced considerably in the past few

years. Although the shock tube will continue as
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tl,e prtn_lry tool for the determination of high-

temperature properties of gases and for measure-

r.ents of phenomena which are essentiall_ .independ-

ent of free-stream simulation, such as convective

heat tranzfer to the forebody of blunt eonflgara-

tlons, new facility concepts which ho]d mash prom-

ise h'_ve been or are being developed.

For the simulation of free-stream velocity, ditch

number, and Reynolds number, extensive development
of ballistic shock ttmnels has been pursued. In

this type of facility, a small model is fired from

a light gas gun into a countercurrent gas stream

generated by a shock tunnel. Relative velocities

of about 13 km/sec have been attained with models

of about 1/2 cm diameter (ref. 51).

Roughly similar capabilities with a model fixed

relative to the laboratory should be possible with

a new concept, the expansion tmmel (ref. 52).

The tunnel is essentially a double diaphragm shock

tube with the cross-sectional area increased do_ul-

stream of the second d/aphrag_m. The test gas is

placed between the two diaphragms and is first

compressed and accelerated by the shock wave gen-

erated through rupture of the first diaphragm.

This gas subsequently undergoes expansion and fur-

ther acceleration by both the unsteady expansion

wave generated by rupture of the second diaphragm

and the steady expansion as it passes through the

region of increasing area. The gas, by this time

at low temperature and high ve]ocity, then passes

over the fixed, instrumented model. The expansion

tmmel ix a modification of an earlier concept,

the .expansion tube (ref. 53), with potentially

greater utility.

Neither of the aforementioned types of facili-

ties is capable of providing sufficiently long

test times for research with high-temperature

charring ablators, and most work of this type has

been carried out in various arc-heated wind

tunnels. The recently developed constricted are

tunnel (ref. 54)has been operated at enthalpies

up to about 24 × 203 eal/gm, corresponding to a

velocity of 14 hn/sec, and may be appropriate for

development of such ablation materials suitable

for the next generation of entry vehicles.

The simultaneous attainment of reentry flight

velocity, Mach number, Reynolds number, and

heating history in ground facilities does not

appear possible at this time. Investigation of

these phenomena, shown to be important in the pre-

vious discussion, will have to be carried on with

partial simulation, as in the past, and supplemen-

ted with well chosen reentry flight tests.

CONCLUDING REI.'ARKS

Some recent advances in atmosphere entry have

been reviewed against a background of the require-

ments of missions of the future. The requirements

of unmanned and rearmed _ars missions have been

emphaslzed, but some brief consideration was given

to unmanned Venus and Jupiter missions and to

manned near-earth missions.

Although the entry velocities characterlstic of

Mars entries are low by earth entry standards,

problems somewhat different will be experienced.

Unmanned ballistic probes must be of extremely

high drag in order that they can decelerate to

sufficiently low velocities for parachut e

deplo_nent. Thm_, the blmJt entIw comfigulration 15

still of pertinence. Mrmned entzv vehicles for

both Mars and earth entry_ on the other hand, may

well tend to the less blunt configurations compat-

Ible with llft/drag ratios of the order of one and

reduced radiative beating. The ca-rent tmcertainty

in thc definition of the Martian atmosphere has

serious Jmp]_ cations for both unmanned and manned

entry ag Mars.

The prediction of laminar convective heat transfer

and radiative heat transfer for velocitlcs up to

those corresponding to dissociation of molecules

appears to be well in hn_d. The prediction of

transition and turbulent heat transfer for high

reentry velocities and the prediction of laminar

convective and radiative heating at velocities

inducing significant ionization is, at present,

unsatisfactory. CrltJcal to the improved predic-

tion of laminar convective and radiative .heating

are the dete_dnation of second and hfgber order

effects in thermal conductivity and[ the effects of

radiation Jn the vacuum ultraviolet portion of the

spectrum, respectively.

Finally_ it is instructive to compare some of the

conclusions reacheff in a review of atmosphere entry

technology presented in 1961 (ref. 5) with those of

the present paper. In the'previous review, the

tendency of radiation heating to dominate the

heating problem during hyperbolic entry was cited

.- as a potential major problem, and this tendency

still exists today. However, it has been deter-

mined during the intervening period that none_ui-

librJum radiation Js not a major factor at hl.gh

super-_atellite velocities, and that radiative

cooling alleviates, to a degree, the tendency of

equilibrium radiation to dominate the convective

heat transfer. Radiation in the extreme ultra-

vlo]et portion of the spectrum, not previously con-

sidered, has now been determined to be of m_Jor

importance. However, self-absorption of this emis-

sion may tend to reduce the impact of this compo-

nent of the radiation.

The situation with regard to transition and tur-

bulent heating remains little changed from 1961.

Of particular importance is the consideration of

transition 3 because large lifting and nonliftlng

vehicles experience rather large Reynolds ntur,bers

during atmosphere entry. The existence of exten-

sive regions of turbulent flow has been shom_ to

result in an increase of an order of magnitude in

heat-protection requirements for a class of conical_

ballistic, ablating configurations.

REFERENCES

I. Love, Eugene S.: Factors Influencing Configura-

tion and Performance of Multipurpose _tarmed

Entry Yehlcles. J. Spacecraft Rockets, vol. i,

no. i, Jan.-Feb. 1964, pp. 3-12.

2. Chapm_n, Dean R.: An Analysis of the Corridor

and Guidance Requirements for S_perclrcular

Ent1_ Into Planetary Atmospheres. NASA

TR R-55, 1960.

3- Prltchard, E. Brian: Velocity Requirements and

Re-L_try Flight Mechanics for Manned _rs

Missions. J. Spacecraft Rockets, vol. i,

no. 6, Nov.-Dec. 1964, pp. 605-610.

118



]

I,. Eggers, A. J., Jr.: The Po,_m_]dl!ty of a S_fle

I,'mdiw_g. 'Space Tocl_ _1 J_lY, Ed.i ted by l{oward

Seifert, JoJm Wiley m_ Sons, Inc. , 1959.

5. Eggers, A. J., Jr., and Wong, T. J.: Motion

and Heating of Lifting Vehicles During Atmos-

phere Entry. ARS JourrL_l, vol. 31, no. i0,

October 1961, pp. 1364-1575

6. Levin, George M., Ev:ms, Da]]a_ E., and Stevens,

Victor, ed.: NASA F_gineering Models of the

Mars Atmosphere for Entry Vehicle Design.

I_%A TN D-2525, 1964.

7. it_plan, I_wis D., Munch, Guido, and Sp_nrad,

Hyron: An Analysis of the Spect_nJm of _rs.

Astrophys. J., vol. 139, no. l, Jan. 1964.

8. Kulper, Gerard P.: Fifth Semlannua] Status

Report to National Aeronautics and Space

Ad_mlni strati on Lunar and P]ane tary L_boratory,.

University of Arizona Research Grant

No. NaG 161-61j Dee. ]963.

9- Allen, H. Julian, and Eggers, A. J., Jr.: A

Stud,. of the _,:otlon and Aerodynamic Heating

of Ballistic Missiles Entering the Earth's

Atmosphere at High Supersonic Speeds. _[ACA

Eept. 1381, 1958. (Supersedes NACA TH I_47.)

lO. Roberts, Leonard: Entry Into Planetary Atmos-

pheres. Aeronautics and Astronautics,

Oct. 1964, pp. 22-29.

ii. Seiff, Alvin: Developments in Entry Vehicle

Technology. Presented at the AiAA First

Arch.ual Meeting and Technical Display,

June 29-July 2, 1964, Washington, D.C.

12. MeKenzle, Robert L. : Some Effects of Uncer-

taintles in Atmosphere Structure and Chemical "

Composition on Entry Into F_rs. NASA

TN D-2584, 19@.

13. Napolln, A. L., and Mendez, J. C.: Target

Orbit Selection for Mars Missions Using

Aerodynamic b_neuvering. Presented at the

A!AA Aerospace Sciences Meeting, Jan. 20-22,

1964, New York, N.Y. (AIAA Preprint

No. 64-14).

lb. Dixon, Franklin P. : A_i Early _4_nned Mars

Landing }/dssion Using the Mars Excursion

• Mo_u!e. Presented at the N_SA/AiAA Third

Mazmed Space Flight Conference, Nov. 4-6,

1964, Houston, Texas.

15. Allen, H. Julian, Selff, AlvJn, and Winovlch,

Warren: Aerodoznamic Heating of Conical Fnltry

Vehicles at Speeds in Excess of Earth Para-

bolic Speed. NASA TR R-185, 1965.

16. Selff, Alvin: Recent Information on Hypersonic

Flow Fields. Prec. NASA-Unlversity Confer-

ence on the Science and Technology of Space

Exploration, vol. 2, no. 55, NASA SP-11, 1962,

pp. 269-282.

17 . Bohachevsky, Ihor O., Rubln, Ephraim L., and

M'_tes, Robert E. : A Direct Method for Com-

putation of Nonequil_brium Flows With

Detached Shock Wuvcs. Presented at the AIAA

Second Aerospace Sciences Meeting, Jan. 25-27,

1965, New York, N.Y. (A/AA Paper No. 65-24).

18. ]_mtt:Lr[, Oeorce E. : Shock Envelopes of Bhmt

Bod[e.q at l_urg.e Angles of Attack. NASA

TN D-1980, l_C_.

19. Katzen, Elliott D., and Y_zattari, George E.:

Flow Around B]tu_t BodLes Including Effects of

IIigh Angles of Attsck, Nonequi]ibrium Flow,

and Vapor Injection. Presented at the AIAA

Entry Technolog_ Conference, Oct. 12-14, 196h,

Willi_mmburg, V_. (AIAA Publication CP-9,

pp. 106-1!7).

20. Lo_x, IIarvar&, and Inouye, bt_moru: Numerical

Analysis of Flow Properties About Bltmt Bodies

Moving at Supersonic Speeds in an Equilibrium

Gas. NASA TR R-204, 1964.

21. Ahtye, Warren F. : A Critical Evaluation of

Methods for Calculating Transport Coefficients

of _ Partially Ionized Gas. Prec. 1964 Heat

Transfer and Fluid }.'echanies Institute,

Stanford Us_iv. Press, 1964, pp. 211-225.

22. Ahtye, Warren. F. : A Critical Evalu%tion of

Methods for Calculating Transport Coefficients

of Partially and Fully Ionized Gases. NASA

TN D-2611, 196D.

23. Cohen, Nathaniel B. : Boundary-Layer Similar

Solutions and Correlation Eq_aatigns for

Laminar Heat-Transfer Distribution in Equi-

librium Air at Velocities up to

41,000 Feet/Second N_A TR R-If8, 1961.

24. Hansen, C. Frederick: Approximations for the

Thermodynamic and Transport Properties of

High-Temperature AJ r. NASA TR R-50, 1959.

2}. Maecker, H.: The Properties of Nitrogen to

15,000 ° K. Presented at Meeting on Proper-

ties of Gases at High Temperature, AGARS,

Aachen, Sept. 21-23, 1959. AGARS Rept. 324.

26. Howe, John T., and Sheaffer, Yvonne S. : Effects

of Uncertainties in the Thermal Conductivity

of Air on Convective Heat Transfer for Stag-

nation Temperature up to 30,OOO ° K. NASA

TN D-2678, 1965.

27. Yes; Jerrold M. : Transport Properties of

Nitrogen, Hydrogen, Oxygen, and Air to

30,000 ° K. Avco Rept. RAD TM-63-7, 1963.

28. Howe, John T., and Vlegas, John R.: Solutions

of the Ionized Radiating Shock Layer,

Includ/ng Reabsorptlon and Foreign Species

Effects, and Stagnation Region Heat Transfer.

NA_ TR R-159, 1963.

29. _'_rvin, Joseph G., and Deiwert, George S.:

Convective Heat Transfer in Planetary Gases.

Prospective It_SA TR R-224, 196_.

30. Lees, Lester: Laminar Heat Transfer Over

Blunt-Nose Bodies at Hypersonic Flight

Speeds. Jet Propulsion, vol. 26, _e. 4,

April 19_6, pp. 259-269, 274.

31. Beckv_th, Ivan E., and Cohen, Nathaniel B. :

Application of Similar Solutlons to Ca]cula-

tion qf Laminar Heat Transfer on Boddes With

Yaw and. Large Pressure Gradient in High-

Speed Flow. NASA TN D-625, 1961.

119



i

i

J

i.

|

i|

I
J

I

]
!

4

. . -,;a-Jg, _" B._ anL Ch[, g. W.: Thc th'ag of
C_cl,rem_ibl e Turbulent Boundary D_yer on

_;r_ath Flat Plate With and Without Heat

.r,:,:,fcr. J. Fluid Mech., vol. ]8, Part 13
14 _

j.d_. y._2_, pp. ]17- ).

- _,.r.:._,r, M!tche] lI._ and Real, Luther, Jr.:

,--,,n_. Experiments in IIyperson!c Turbulent

l;vu:_ia_'/ 1,'_O'ers. Rresex_ted at the AGA!ffJ

gV,c?i_lt;:t:_ Meeting on Recent Developments

It, !.<un&_ry-i_yer Research, May i0-i4, 1965,

:;,pies, Italy.

3"- A_mo!d_ James O., Reds, Victor H., and
Woodward, }len_y T. : Theoretical and Experl-

m,_:,V'_l Studie_ of Equ_ librivm and Nonequi-

lllrlV.m R'i_[iation to Bodies Entering Poatu-

fated b'artian and Venuslan Atmospheres at

}V,g_ Speeds. Presented at the AL'u% Second
Aero_F.ace Sciences Meeting, Jan. 25-27, 1965,

.N.:wYork, N.Y. (AIAA P>per No. 65-1165.

p.. Kivel, "B., and P_iley, K. : Tables of R:__ia-

tic.n From High Temperature Air. AVC0-.

£h,crett Res. Lab., Res. Rept. 21, Dec. 1957.

56. James, Carlton S. : Experimental Study of

Radiative Transport From Hot Gases Simu-

lating in Composition the Atmospheres of

_rs and Venus. AIAA Journal, vol. _ no. 3,

Karch 1964, pp. 470-475.

37. GruszczynskJ, J. S., and Warren, W. R., Jr.:

Experimental Heat-Transfer Studies of

IIyper_'elocity Flight in Planetary Atmos-

pheres. AIAA Journal, vo]. 2, no. 9, Sept.

1964, pp. 1542-50.

38. Thom_s, G. M., and Menard, W. A. : Experimental

Measurements of NonequJlibrJum and Equilib-

rlum Radiation From Planetary Atmospheres.

Presented at the AIAA Entry Technology Con-

ference, Oct. 12-14, 1964, Williamsburg,

Virginia (Al_k Publication CP-9,

• pp. 170-i85).

39. Biberman, L. M., !akubov, I. T., Norman, G. E.,

and Vorobyov, V. S. : Radiation Heating

Under Hypersonic Flow. Astronautica Acta,

vol. X/fasc. 3-4, 1964, pp. 238-252.

40. Nardone, M. C., Breene, R. G., Zeldin, S. S.,

and Riethof, T. R. : Radiance of Species in

High Temperature Air. General Electric

Co., Space Sciences Lab. Rept. R 63 SD3,

June 1963.

41. Hahne, Gerhard E. : The Vacuum Ultraviolet

Radiation from N +- anE O+-Electron Recom-

blnation in High-Tem_perature Air. Prospec-

tive NASA TN D-2794, 1965.

42. Wi].qon, K. H., and Hoshizak!, H.: Invisdd,

Nonadiabatic Flow About Blunt Bodies. Pre-

sented at the AIAA Aerospace Sciences

Meeting, Jan. 20-22, 1964 (AiAA Preprlnt

No. 64-70).

_3. Hoshizaki, H., and Wilson, K. H.: The Viscous,

R_diating Shock Layer About a Blunt Body.

Pre._cnted at the AIAA Entry Technolo_! Con-

ference, Oct. 12-14, 196!_, Wi]llamsburg,

V_i. (A//_% Publication CP-9, pP. 65-76).

44. Me verolt, R. E._ et el.: Absorption Coeffi-

clents of Air. AFCRL, Geopl_ysics Research

Paper, No. 68, 1960.

45. Tr._mpi, Robert L., Grant, Frederick C., and

Cohen, Nathanlel B. : Aerodynamics and

Heating Problems of Advanced Reentry Vehl-

c]es. Vol. 2, Prec. N,_qA-UniverMty Con-

ferencc on Science and Technolo[IY of Spacc

Exploration. NAD\ SP-II, no. 53, 1962_

pp. 23D-21_8.

46. Allen, H. Julian: Gas Dy_am/cs Problems of

Space Vehicles. Vol. 2, Prec. NAK_-Universlt_

Conferencc on the Science and Techno]o_ of

Space Exploration. N/_A SP-II, no. 54, 1962,

pp. 2_51-267 •

h7. Howe, Jolm T., and Shaeffer, Yvonne S:: Mass

Addition in the Sta_ation Region for Velocity

up to ,50,000 Feet/Second. RASA TR R-207,

1964.

48. llcarne, L. F., Chin, Jiil H., and Lefferdo,

J.M.: Reentry Heating and Thermal Protec-

tion of a Mars-_iission Earth-Reentry Module.

PresenteE at the AIAA Entry Technology Con-

ference, Oct. 12-14, 1964, Williamsburg, Va.

(AIAA Publication CP-9), PP. 118-135. ."

49. Allen, H. Jul_an: The Aerodynamic Heating of

Atmosphere Entry Vehicles - A Review. Pre-

sented at the Symposium on Fun 'damental Phe-

nomena in Hypersonic Flow, June 25-26, 1964,

Buffalo, N.Y.

50. Tauber, Michael E., and Seiff, Alvin: Optimi-

zation Analysis of Confcal Bodies Making

Lifting Hyperbolic Entries Into the Atmos-

pheres of Earth and Mars. Presented at the

AIAA Entry Technology Conference, Oct. 12-14,

1964, Williamsburg, Va. (AIAA Publication

CP-9, pp. 13-21).

51. Canning, Thomas N., and Page, William A. :

Measurements of Radiation From the Flow

Fields of Bodies Flying at Speeds up to

13.4 Kilometers per Second. Presented to the

Fluid Mechanics Panel of AGARD, April 3-6,

1962, Brussels, Belgium.

52. Trimpi, Robert L., and Callis, Linwood B.: A

Perfect-Gas Analysis of the Expansion Tunnel,

a Modification to the Expansion Tube. NASA

TR R-223, 1965.

53. Trimpi, Robert L. : A Preliminary Theoretical

Study of the Expansion Tube, A New Device for

Producing High-Enthalpy Short-Dturation Hyper-

sonic Gas Flows. NASA TR R-133, 1962.

54. Vorrelter, John W., and Shepard, Charles E.:

Performance Characteristics of the

Constricted-Arc Supersonic Jet. Proceedings

of the 1965 Heat Transfer and _uid Mechanics

Institute, Stanford University Press, 1965,

pp. 42-49.

120



I
4

Pf_,OS[_S

PLANET VELOCI1Y, km/sec

VENUS II OR GREATER

MARS 6 OR GREATER

JUPITER APPROX 60

M_',NNED MARS MISSIONS

ENTRY MODE VELOCITY, km/sec

DIRECT MARS
ENTRY 6 TO II

!
MARS ENTRY | 3.6 TO 5.2
FROM ORBIT 1EARTH ENTRY 12 TO 16

Figure i.- Characteristic entry velocities for future missions.

ENTRY
CORRIDOR,

km

I00

80

ENTRY VELOCITY, km/sec

/-15.2
/

/
t

!"_PITCH AND ROLL ...-'21.3
/ MODULATE D_ / "'"60 I

I

_o / ,-_.4¢ ___'_'_

20 / // /

0 I 2 3
HYPERSONIC MAXIMUM L/D

Figure 2.- Earth entry corridor as a function of hypersonic maximum

lift-drag ratio.

A-35069

"[
Figure 3.- Low-speed lifting reentry research vehicle.

121



J

I
|

]
.....iI

5O

4O

30
PARACHUTE

DEPLOYMENT

ALTITUDE, km
20

I0

"__ATMOSPHERE MODEL

-\ \2 (25r.bl"'-...

2 4 6 B I0

m/CnA, gm/cm 2

F_gLm'e 4.- Parachute deployment altitude as a function of ballistic

Tarameter for three model atmospheres of Mars, V/V E = 0.05.

ENTRY

CORRIDOR,

km

.oo_ATMOSP.EREOE.S.TY
,50\ \ SOA'E.E,O.T

50

.._.,_ 7.8 km

CO MPOSITE-S-- I_
0 I t

5 I0 15

ENTRY VELOCITY, km/sec

Figure 5.- Mars entry corridor as a function of entry velocity for

various scale heights, L/D = 1_2.

BO

PLANE

CHANGE

CAPABILITY,

deg
60 DER_

4O

UN _.

2O

.... OVERSHOOT

0 0.5 1.0 1.5 2.0

HYPERSONIC LIFT-DRAG RATIO

P

T
]

i
1_

i

Figure 6.- Aerodynamic plane change capability for 14ars entry a_d skip

out to orbit as a function of hypersonic lift-drag ratio_

VE = 8.4 km/sec.

1.22



i
2

I.O

.8

NORMALIZED
DETACH_E NT

DISTANCE, A/r m .4

.2

--APPROXIMATE MEIHOD, REF. 19

.... INVERSE METHCD, REF. 20

R b

rm _ rm

.04 .08 .12 .16 .20 .24 '.28

NORMAL SHOCK DENSITY RATIO, P00/P2

Figlm'e 7-- Stagnation-point shock detachment distance as a.function of

norrrml shock densJty ratio for a family of spherically blunted

cylinders.

PREDICTION

REF, _9 <

0, 0--_

20".
50"- _

EXPERIMENT i

o,,o-JLI \

_ ,.02__- o-

.8 -_

- plPtt .6

.4-

.2-

0 ! i
-t.o -.5

REDtCTION, REF. 19

MPACT THEORY

0 .5 I_)

r/rm

(a) Shock sha_e. . (b) Pressure dtstribut:Ton, = = £0 °.

Fig&re 8.- Shock shape and pressure distribution for flat-faced cylinder at

angle of attack.

J

TOTAL THERMAL
CONDUCTIVITY, I(D-I

WoHs/cm-°K

o EXPERIMENT, REF. 25
-- SIMPLIFIED SECOND-ORDER THEORY, REF. _2

I i I

0

_, DISSOCIATION_ IONtZATIONoJO

o

DO

o o

oo°o

', _o°o 6°
5 I O 15x IO-3

TEMPERATURE, _K

Fig,m'e 9.- Total thermal conductivity of nitrogen as a function of

temperature at i atmosphere presstu_e - experiment and simplified

theory.

1')3



_rJ

4 x I(3-2

RIGOROUS SECOND-ORDER APPROXIMATION
---- SIMPLIFIED SECOND-ORDER APPROXIMATION

3-
m I ]---I

.o',.,.s.o /

CONDUCTIVITY _/_////.,,. /

wotts/cm-OK ////

I J 15 • I05 I0 I 20 25 x 103

TEMPERATURE, °K

Figure i0.- Comparison of simplified and r_gorous second-order

approximations for translational thermal conductivity of argon,

10 -I atmosphere.

.4

.3

TOTAL
THERMAL

CONDUCTIVITY .2

wolf S/C m - °K

•" o NfTROGEN DATA, REE 25 J"

--- AIR THEORY, REF. 24 _ .

TEmPERATURe,

Figure ii.- Total thermal conductivity of air as a function of

temperature; arbitrary extrapolations, i atmosphere.

7x 104

6

5

HEAT TRANSFER
PARAMETER 4

woHs_m 3/2 o1_/2

2

EQUIVALENT FLIGHT VELOCITY, km/sec
I0 12 14 16 18 20 22 24 26

I I I I I I 1-----_-]

""_ REF. 28

___L--_.J .... JL ...... J [ L- I -- l_l_J

I0 20 30 40 50 60 70 80xlO 3

ENTHALPY DIFFERENCE, hs-hw,'Col/gm

f

Figure 12.- Stagnation-point convective heat-transfer parameter for three

different assumed total thermal conductivities of ionized air.

124



,]

g'(o)/ Pw#w

1.0--

.8- • o.15

.6: " g'(O)lIP__._y_w _.:_.4E,,__,,,/hD-hw--I-

:-"6_- _ -gwV(m-)2_8oK [" D;/ "S_.J
• ,,.....16/o4 _ _'_.'_

o co2 __ __E_-_:,_<_
.2- I:] AIR --"_ _.-E..

0 N2

a, H2

b A

.I L I I I I I t I I I I I I I I I I I

2xlO "1 I0 ° I0'

Figure 13.- Correlation of stagnation heat transfer for a number of gases.

120

80

ALTITUDE, km

40

0

I
I FREE STREAM
I REYNOLDS NO.
1 L = IOm

_ ..... j-- i05

....0- ."" "-- OVERSHOOT,.. .4
:.__.... -2-,o 6

_" _N'DERSHOOT / ________ I07

I I [ [

4 8 12 16

VELOCITY, km/sec

Figure 14.- Reynolds number flight regime for typical hyperbolic earth

entry; VE = 15.2 km/sec, L/D = I.

D ATA

o REF. 34, 9% C02-91% N 2,/o_0= .018-.12

[3 REF. 3G, 7-1/2 % C02,92-V2 % N 2' #m/Po: .08

0 REF. 37, 9% C02-9[% N2, P_/Po = .001-.04
108 -

,'. REF. 38,9%C02-90%N2-1% A, pm,/0Oo=.O02-.02
_ 0

10 6

_ _ ^
EMISSION

PARAMETER

E/IP/PO }1"55, 104 _'_PREDICTIONS

walts/cm 3 -__ @l% N2, [:{,oI/Oo : .018 -.12

I02 y iMOLEC_ULAR R_DI_'ICORS ONLY)
----- REE 37, 9°/oC02-gi%N2, p_/_o=.OI

{iNCLUDES CONTINUUM)

- = REF. 35, AIR,/oco/[)o=.OI3-.O8
L I I I I I I I I

1005 6 7 8 9 I0 11 12 13

VELOCITY, km/sec

411

\ J
Figm'e 15.- Equilibri_n radiation from a C02-N 2 mixture.

125



I_=

°

!:7

J

Z3

!

I
]
]

]

]

]

!

J

I.O

qNONADIABATIC

(_ADiA BATIC

.8

.6

.4

.2

o REF 28

u REF 42

__ ___1 1 I 1--- __l ....

0 .4 .B 1.2 1.6 2.0
ENERGY LOSS PARAMETER

-13---

_[ ____I

2.4 2.8

Figure 16.- Reduction in stagnation radiative heat-transfer rate as a

fmqction of energy loss parameter.

3 x 104

HEAT

TRANSFER

PARAMETER

-_ (RIPs)I/2,

w0tls/cm3/2

atml/2

R, cm[

50.5

I 91.5

152

I I l

0 I0 20 30 x 103

ENTHALPY DIFFERENCE, h s -h w, cal/gm
I I • ___x .... l

0 8 I0 12 14

EQUIVALENT FLIGHT VELOCITY, km/sec

WITH

RADIATION

COUPLING

Figure 17.- Effect of radiation energy loss on convective stagnation-

point heat-transfer rate, i atmosphere pressure.

]
!
I

I

!
]

]
]
,!

1.0

.8

.6

_I°)cONV.4

.2

-- ADIABATIC, EITHER

_, EMISSIVITY

.... NON-ADIABATIC,
"_k_ EMISSIVITY

.-_,_ OFREF_
_,_- - - NON-ADIABATIC,

\_ EMISSIVITY

%,
\',,

%

__1 _ __ _ 1 J

15 30 45 60

.... .!.__..1 l I

0 0 15 30 45 60

BODY ANGLE, deg BODY ANGLE, deg
(0) CONVECTIVE DISTRIBUTION (b) RADIATIVE DISTRIBUTION

P

Figure 18.- Effect of radiative eooli_ on convective and radiative

heat-transfer d_stributions for a hemisphere; V = 15.2 km/sec,

altitude = 58 km, radius = 1.52 m.

126



!
4
]

J
__=

|
i

i

i

B=IO00

9xlO -3 _ _5 °

_---B- ",F,.4_ I._^ ,'
" &-- 55_";; , , / 500 zz 7 - B=IO00o , .,.,f,

6- __o 30" / 25° ,_,// /200/5- ._b_ ;.-.

4 5_K'_ . z _500._._ ",/zL ,,__ " /Q/__._-O °u_ 4- _ ._5 o ,._/ .._.z--ii-%-_- o,-.,,,

S 3- oc-.,,,,_,_,,._z.___z:____A__,_2ooj___@,_ __'-'"K__ o./ /

I 50 100 -

0 I,.__.L_J_L_ __]__Ll __J___ i____1__ J__J LJ__.L_L.I LL-J-LL_ ] J

8 12 16 20 24 28 8 12 16 20 24. 28

ENTRY VELOCII'Y, krn/sec

(a) Teflon ablator. (b) Vaporizing quartz ablator.

Fig_u'e 19.- 1,[inim(=_ absorbed energT fractious for optimum cones with "all
laminar flow.

9xlG 2

6" 8 _

z 7- B=IO0 -

_ 4- -

3- z o" -

i- ).'_5: s_°

B = I00 20 5

-ac:S5o
0 I I t I . _L_L._.J_..J __ I__ _L_-J L_._,L__J_L__JL _L__L _ J_ _L__L._.L._J

8 12 16 20 24 28 8 12 16 20 24 28

ENTRY VELOCITY, km/sec

(a) Teflon ablator. (b) Vaporizing quartz ablator.

Figure 20.- Minimum absorbed energy fractions for optimum cones with all

turbulent flow.

5xlO. 2 ENTRY VEL_)ClTY, km/sec
25

4 -

3 -
ENERGY

FRACTION,

"9 2-

I --

0 I
2

20 \

/ \\ \\

\ \
15 \ \

\

k\ \k LAMINAR FLOW

\\k\\ \k \k

TURBULENT FLOW ,,, \, \\

1 I. £ I 1 1 .I ..... J

5 IO 20 50 IOO 200 500 I000

BALLISTIC PARAMETER, B

,f,

•;"-g_Ge 21.- Variation of minimum absorbed energy fraction with ballistic

parameter for several entry velocities, teflon ablator.

127



I

i

I

3xIO,_

HEAT SHIELD 2 _y

MAss,k_ __ NOM,NALEM,SS,ONJ_
I-

0 L j __ ! I

:30 35 40 45
CONE SEMI-VERTEX ANGLE, deg

Figure 22.- Heat-shield n-_ss as a functioo of cone semivertex angle for

a lifting entry vehic]e_ L/D = 0.6, V E = 19.8 km/sec. Effect of
level of emission.

HEAT SHIELD
MASS, kg

3xlO 3

TRANSITION REYNOLDS NUMBER

ReST

I - 10001111-

0 I_o _ 4'0 J5
CONE SEMI-VERTEX ANGLE, deg

Figure 23.- Heat-shield _ss as a function of cone semi vertex angle for

a lifting entry vehiele_ L/D = 0.6, V E = 19.8 km/sec. Effect of

transition Reynolds number.

EQU tVALE NT
SPECIFIC

IMPULSE, sec

i05 =

104 _-

I03 :

i0 z -
B

_ING QUARTZ

NUCLEAR ROCKET

CHEMICAL ROCKET

I I I t I I

I0 12 14 16 18 20

ENTRY VELOCITY, km/sec

P

Figure 24.- Equivalent specific _mpulse of aerodynamically braked vehicle,
laminar flow.

128


